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ABSTRACT 
In the Williston Basin five regional seismic profiles, covering -3090 krn were 
utilized for a comprehensive study of this complex geologic feature. 2300 km of field 
data were added to the existing 790 krn long profile. The novel seismic information in 
conjunction with a sizeable number of wireline data and incorporation of stuctural and 
isopach maps provided a unique data environment for development of a new elaborate 
tectonostratigraphic model of this major continental depression. 
Standard reflection seismic processing procedures were implemented with 
special emphasis on regional perspectives, including "Earth curvature correction". to 
generate images of the basin fill. The latter helped to reveal the true nature of this large 
scale cratonic basin. This novel information permitted new approaches in establishing 
the deformation styles in the Williston Basin. 
Structural studies of the newly reprocessed regional seismic profiles revealed the 
compressional nature of the radially arranged tectonic elements in the center of the 
basin, and the extensional character of the peripheral regions. The results suggest that 
axisyrnrnetric deformation controlled the early stages of the Williston Basin area, and 
was the causal factor of the oval shape of the basin. 
In the first, "pre-Williston'- phase, the region was uplifted by an axisyrnrnetric 
lithospheric intrusion creating radial extensional signatures in the central zone and 
compressional structures in the surroundings. Erosion and thermal cooling andor phase 
change of the mantle material led to the initiation of the basin subsidence. 
Consequently, in the "intracratonic phase" (Sauk - Absaroka), the pre-existing 
radial and circumferentially arranged smctures were periodically reactivated in the 
opposite sense. The active periods were unrelated to global orogenic events of the 
continent. The exception is the Kaskaskia I (Devonian) interval, when the territory was 
tilted to the northwest and the axisymmetric cause of the subsidence was overprinted. 
The subsequent "foreland phase" (Zuni - Tejas), was dominated by lateral forces 
of the Sevier and Laramide orogenies. This plate-margin-related major tectonic 
development was associated with the NNW-SSE elliptical elongation of the basin and 
the related highly prevalent N E - S W N - S E  faulting and fracturing. Additional 
consequences of this process were offsetting and rotation of the pre-existing radial and 
circumferential structural features. These radial and circumferential structural features 
of the Williston Basin may be recognizable in comparable cratonic environments (e.g., 
Michigan Basin, Paris Basin). 
Comprehensive seismidsequence stratigraphy was developed throughout the 
basin. In the Sauk-Absaroka interval the sequence stratigraphic and the 
li thos tratigraphic boundaries are generally identical. In the ZunCTejas interval, when 
the clastic sedimentation was dominant, the two subdivisions are not identical. In these 
younger strata 16 sequence stratigraphic units were identified. More detailed 
subdivision of the interval containing the Eagle Sandstone revealed that two major 
sources of the terrigenous sediments are directly recognizable on the seismic profiles, 
beyond 500 krn east of the shorelines. 
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CHAPTER 1 
INTRODUCTION 
The Williston Basin is an 'elliptical' cratonic basin located in North Dakota, 
Montana, Saskatchewan, Manitoba and South Dakota (Fig.1. I ) .  The very definition of 
the extent of the basin throughout its history is problematic. This is panly because of the 
erosion, which is always much more severe on the cratonic platform areas, where the 
subsidence rate creating accommodation space for sedimentation is significantly lower 
(avg. - 10 rn/M.a.) than other areas (e.g. passive margins, foreland -40- 100 rn/M.a..). 
Erosion swept free large areas (hundreds of kilometers) of cratonic sediments making it 
dificult to reconstruct the areal extent of the sediments (Sloss, 1996). The other reason 
for the difficulty in defining the basin's extent is that the area where the basin is located 
went through different stages in the Phanerozoic starting From a pericratonic 
environment going through a true intracratonic phase and ending up as pan of the larger 
scale foreland basin. The term "Williston Basin" will be used in sensu lato. representing 
an area defined fundamentally by the oval shape of its Paleozoic intracratonic basin 
stage. 
This thesis is fundamentally an answer to a call of the scientific community to 
analyze the regional context of local geological structures and stratigraphic features of 
the basin. The first step in this respect was done by Zhu (1993, who compiled an 790- 
km-long east-west regional seismic line across the northern part of the Williston Basin. 
This pioneering work was probably the first regional seismic profile across the 
Phanerozoic portion of a cratonic basin. The main contribution of this mainly 
descriptive work was the subdivision of the Cretaceous succession of the basin into 
North Latitude (degrees) 
subsequences. Obviously, lacking the third dimension hampered this study's ability to 
deal with the evolution of the basin as a whole. In this thesis, three times more regional 
seismic data are available, providing both a qualitatively and quantitatively superior 
source of information for synthesis of this cratonic basin. This unique circumstance 
renders the rare opportunity to contribute to fundamental understanding of the Williston 
Basin and of cratonic basins in general. 
This immense dataset has far more information than can be fitted into one 
doctoral thesis. During the course of work, it soon became obvious that this type of 
study can have nearly perpetual life expectancy. Given this large, new dataset, an 
attempt was made, therefore, to step back and to look at the Williston Basin from a 
fresh, new perspective. Following this line of thought, a fundamentally different view of 
the basin evolution was reached. During the regional interpretation phase special 
attention was paid to the local geological information compiled by excellent earth 
scientists during decades of research and exploration, but where the careful analysis of 
the dataset permitted, new, fundamentally different interpretations of the local structures 
and stratigraphy were put forward if demanded by the regional context. 
The proposed model is not an all-inclusive process, but is believed to describe 
most phases of basin evolution with fewer contradictions than the existing models do. 
The thesis does not address the problem of the cause of the basin's initiation directly. 
but the Phanerozoic evolution of it. On the other hand, as the nature of the driving force 
behind the basin subsidence fUndamentally defines the basin's architecture, based on the 
analysis of the Phanerozoic structural evolution of the basin. an assumption was made 
as to the possible primary cause of the bash subsidence. 
This thesis is by no means the final answer to the fhndamental questions relating 
to the evolution of the Williston Basin. On the contrary, similar to the demand for this 
regional seismic 
here. Immediate 
study, it is a new call for further research, to test the ideas presented 
fbrther investigations in the area of more precise numerical modelling 
with integration of additional regional data would be a welcome test of the present 
inferences. 
The thesis is structured in the following manner: Chapter 2 outlines the 
geological Framework considering both lateral and vertical perspectives. Chapter 3 
reviews the subsidence history and tectonic evolution models of major cratonic basins, 
starting with the Williston Basin. The chapter ends with a critical summary and 
statements regarding the outstanding problems associated with the existing evolution 
models of the Williston Basin and cratonic basins in general. This section also presents 
the objectives of this thesis, as well as the means and methods used to achieve them. 
Chapter 4 discusses the input data sets and the various processing steps applied to this 
basic information prior to interpretation and synthesis. Chapter 5 explains the 
interpretation methods implemented to extract the necessary geological information 
from the geophysical dataset. Chapter 6 is devoted to presentation of the detailed 
stratigraphic and strlctural interpretation of the regional seismic lines, with heavy 
reliance on the well estabiihed regional geology of the region. In Chapter 7, the new. 
complex tectonostratigraphic model of the Williston Basin is introduced. Chapter 8 
discusses ccnclusions drawn From the new results and outlines directions for hture 
research. Fundamental information concerning the data utilized for this study (seismic 
profiles, synthetic seismograms, well information, stratigraphic picks. etc.) is 
summarized in the Appendix. 
CHAPTER 2 
GEOLOGY OF THE STUDY AREA 
The overview of the geology of this continental-size structure requires a dual 
approach. First, a summary of the regional geology is provided of the Williston Basin in 
view of its relationship to the neighboring regions, primarily to the geologic settings to 
the west. Second, details of local geology are discussed in terms of the regional seismic 
profiles. This stratigraphic information related to the study area. along with regional 
geologic and structural information form the foundation of the basinwide quasi-3D 
analysis of the seismic profiles and development of the overall tectonostratigraphic 
evolution of the entire basin. 
2.1 Regional Geology 
2.1.1 Precambrian 
The Williston Basin is bounded by rhree Archean ( H . 5  Ga) cratonic provinces 
(the Superior, the Hearn-Rae and the Wyoming cratons) and underlain by the recently 
discovered Archean Dakota Block (Fig. 2.2). In general, reactivation is related in vend 
and intensity to the orogenic belts that frame the Archean provinces (Hofman. 1988). 
Many of the Proterozoic orogenic beits appear to represent collision zones between 
Archean provinces (Hoffman, 1988; FVi2iiam.s et al., 1991). Two of these orogenies 
affected the Williston Basin area. 
The Trans-Hudson Orogen (-1 -7 Ga), running in a roughly north-south direction below 
the center of the basin, is the manifestation of the collisional event between the Hearn- 
Rae/Wyoming and the Superior provinces. The boundary between the Heam-Rae and 
108" I do0 
Archean Proterozoic (hudsonian) 
0 North American Central Plains condutive anomaly (NACP) 
Williston Basin Seismic lines Inferred paleotectonic boundary 
Fig. 2.1 Postulated basement structures around the Williston Basin 
(based on Baird et ai., 1996). 
the Wyoming cratons is more difficult to establish, because of the reworked Archean 
crust between them. The affinity of the "Medicine Hat Block" is not solved yet. The 
South Alberta Rift (Kanasewich et 01.. 1969) or Vulcan Low separating the Medicine 
Hat Block in the north from the Heam-Rae craton is interpreted as the collision zone of 
the Heam-Rae and the Wyoming cratons (77iornas et al.. 1987: Hoffman, 1988). Others 
place the Archean Medicine Hat Block in the Heam-Rae province (Ross and 
Stephenson. 1989; Ross and Pawish. 199 I ;  Ross et al.. 199 I )  and consider the Great 
Falls Tectonic Zone (0 'Neil1 and Lopez. 1985) as its southern limit. Recent seismic and 
magnetotelluric data underline the Heam-Rae affinity of the Medicine Hat Block. These 
results revealed that the Vulcan Low is actually a south-dipping smctural surface upon 
which the Medicine Hat Block was accreted to the Hearn Province. 
New data have also added to our knowledge of the structural character of the 
western edge of the Superior Province. Earlier interpretation assumed that the Superior 
Craton subducted below the the Wyoming and Hem-Rae cratons to the west (Lewv et 
01.. 1990: Klasner and King, 1990). Crustal seismic data of the LITHOPROBE and 
COCORP programs identified the Archean Sask Craton in the north and the Dakota 
Block in the south, below the Williston Basin in the Trans-Hudson Orogen system 
(Andsdell et al. , 1995; Baird et a!.. 1996). A problem remains with the western margin 
of the Superior Craton in the area between the two blocks in southeast Saskatchewan, 
where Lucas et al. ( I  996) interpreted west-dipping reflections of the Superior Boundary 
zone (or Thompson Belt) above the east dipping reflection of the Superior Craton. They 
suggested that the Superior craton extends westward beneath the low grade, eastern 
portion of the Thompson Belt. The problem of the tectonic affinity of this area is not 
solved satisfacorily and the structural position suggests that its evolution is related to the 
assumed structural line at the bend of the North American Central Plains conductive 
anomaly. Additonal north-south trending crustal seismic data could shed light on this 
structurally complex area. 
2.1.2 Phanerozoic 
The Phanerozoic stratigraphy of the North American intracratonic basins, the 
Williston Basin included (Fig 2.2), is examined in terms of "stratigraphic sequences", 
the most fundamental type being the cratonic tectonostratigraphic sequences of Sloss 
(1963) named after Native American tribes. The sequences represent major, continent 
wide transgressive-regressive cycles bounded by unconformities. These are the Sauk 
Sequence (Cambrian-Lower Ordovician), Tippecanoe Sequence (Middle Ordovician- 
Lowest Devonian), Kaskaskia Sequence (Devonian-Lower Carboniferous), Absaroka 
Sequence (Upper Carboniferous-Lower Jurassic), Zuni Sequence (Middle Jurassic- 
Paleocene) and Tejas Sequence (Eocene-Recent). 
The following review heavily emphasizes the cyclic nature of sedimentation in the 
Williston Basin area punctuated by unconformities representing various scales of 
erosion or non-deposition. This approach was taken because the fundamentals of the 
seismic interpretation of the basin analysis are based on the chronologically significant 
unconformity surfaces. These surfaces are the basic building blocks of seismic/sequence 
stratigraphic interpretations. The sequence concept as an interpretive stratigraphic tool 
will be described briefly in Chapter 5. 
2.1.2.1 Sauk Sequence 
Sauk Sequence (Fig 2.3.a) exhibits a time interval from the Cambrian to the 
Lower Ordovician. Sedimentation took place on a wide, shallowly inundated coastal 
shelf with a west-northwesterly slope (Lochman-Bak and Wilson. 1967) and on 
megascale it displays a pericratonic wedge. The sediments manifest a gradual eustatic 
sea-level rise, which included several small-scale transgressive-regressive periods 
(LeFever et a!. , 198 76). 
In the stratigraphic record from the west of the Williston Basin, the basal 
Flathead Formation, Middle Cambrian in age (Peterson, 19881, represents the earliest 
transgression, followed by the Gros Ventre, Gallatin and Grove Creek Formations and 
- Deadwood F. 
Fig. 2.2 Chrono-, sequence and lithostratigraphy of the study area (W-E approximately 
along lines WE11 and WEIII); based on Bluemle ( 198 1 ), Palmer ( 1983), AGAT 
Laboratories ( l987), Sloss (1 988b) and Gradstein et al. ( 1  995). 
(a) Sauk (b) Tippecanoe 
(c) Kaskaskia I (d) Kaskaskia I1 
Fig. 2.3 Sadc, Tippecanoe. Kaskaskia I, and Kaskaskia I1 sequences in the Williston 
Basin area (based on Carlson and Thompson, 1987; Gerhard et al, 1982). 
Darker areas indicate deeper regions. 
their equivalents (Emerson Formation). The transgression reached the Williston Basin 
area by the Upper Cambrian (Dreschbachian) and its stratigraphic expression is the 
Deadwood Formation. The Deadwood Formation consists of sandstones, shales and 
carbonates deposited over a highly irregular surface of Precambrian basement (Carlson. 
1960: Lochman-Balk and Wilson, 1967; Gerhard et aL, 1982; Peterson and MacCay. 
1987; Gerhard and Anderson, 1988) in a marginal marineinner shelf environment and 
reaches 300 m (- 1000 ft) thickness in the central part of the basin. 
The regional pattern of structural highs probably reflects the earliest tectonic 
history of the basin. The estimated relief of these "islands" (Lochman-Balk and Wilson. 
1967) is in the range of 100 m (Lochman-Balk, 1972). Major paleotopographic features. 
e.g., the Nesson Anticline, are associated with these early structural patterns (Gerhard 
and Anderson, 1988). The Williston Basin as a new structural entity was established 
during the early Ordovician (Tremadocian) (LeFever et al.. 19876). The regressive part 
of the sequence is largely missing due to the widespread post-Sauk erosion. 
2.1.2.2 Tippecanoe Sequence 
A second cycle of major transgression-regression comprises Middle Ordovician 
(transgressive) through Siluriar+earliest Devonian (regressive) strata (Fig. 2*3.6). More 
than 760 m (-2500 ft) of sedimentary rock is preserved in the central pan of the basin 
from this sequence. The circular shape and the depocenter of the Williston Basin in 
northwestern North Dakota became clearly defined, with openings to the southwest and 
to the southeast (Gerhard and Anderson. 1988). 
The sequence in the Williston basin in the Caradocian (Late Ordovician) began 
with deposition of overstepping basal siliciclastics of the transgressive Winnipeg Group 
(Black Island Formation - fluviaWdeltaic sands and shales; Icebox Formatiowdeeper 
water marine shales; Roughlock Formation-argillaceous limes) (LeFever et al., 198 7b; 
Ellingson and LeFever, 1995). In the eastern part, due to the lithological similarities, it 
is difficult to place the Deadwood-Winnipeg boundary exactly, but in the west, in 
Montana there is a sharp lithic contact between them (Lochman-Balk and Wilson. 1967). 
The rest of the sequence is largely carbonate. The Winnipeg Group is conformably 
overlain by the Red River Formation. The cyclic Red River Formation indicates 
equatorial shelf and lagoonal environments (Gerhard and Anderson. 1988) and is 
overlain conformably or with minor disconformity by the cyclic carbonates-anhydrites 
of the thin Stony Mountain and Stonewall formations. The cyclic nature of the 
Ordovician sedimentation is attributed to several possible factors such as regional 
tectonism, continental glaciation, climatic changes (Peterson and MacCan 1987,. The 
conformably overlying Silurian Interlake Group consists of three units representing two 
transgressive-regressive peritidaVshallow marine cycles (LoBtre. 2982). Regression after 
the Silurian resulted in widespread erosion and karstification at the top of the Interlake. 
By the end of the deposition of the Tippecanoe sequence, all of the major 
structures of the basin were present (e.g., Billings, Little Knife, Antelope. Nesson, 
Cedar Creek anticlines) (Gerhard et al.. I99 I). Major structural movements of the 
Nesson Anticline are documented from the Ordovician and the SiIurian (Famal;;inrva. 
1989). During most of Late Silurian and Early Devonian time, the Williston Basin area 
was emergent- 
2.1.2.3 Kaskaskia Sequence 
In the Williston Basin area the Kaskaskia Sequence (Devonian-Lower 
Carboniferous) records two regional sea-level rises and an unconformity separates the 
older Kaskaskia I (Devonian) from the younger Kaskaskia U (Lower Carboniferous = 
Mississippian) sequences (Sloss, 19886; Gerhard et a/. . I99 I ) .  
Kaskaskio I (Fig- 2.3- c) 
Regional transgression from the northwest reached the study area by the Middle 
Devonian (Eifelian). Within this sequence three carbonate-evaporite cycles, reflecting 
smaller scale transgressive-regressive phases, can be distinguished. 
The oldest one of these cycles is the lowermost. the Ashem Formation of the Elk Point 
Group, consisting of dolostone and shale. The depositional environment is not clear 
(Rosenthal. 1987). Possibilities vary fiom transgressional infill of post-Silurian 
erosional surfaces through marine, tidal flat, coastal sabkha (Lobdell. 19841 to non- 
marine environments. With a brief hiatus this formation is followed by the second cycle. 
Chow (1991) concluded that the Winnipegosis Formation, which is the lower 
part of the next cycle, grades laterally into the Elm Point Formation in Manitoba and in 
addition Day et al. (1996) put a subcycle boundary between them, indicating relative 
sea-level fluctuation. The Winnipegosis Formation has the widest extent in the Elk 
Point Group, and indicates the turnover from transgressive to regressive phase. The 
carbonates of the transgressive half are deposited in carbonate shelf and pinnacle reef 
environments. These reefs (mounds) are scattered throughout southeastern 
Saskatchewan (Gend-will and Wilson. 1987). They can reach 6 km in diameter and 100 
m in thickness and can be mapped seismically (Gendnvill. 1987: Martindale. 1991). 
Outcrop studies in Manitoba (Kenr and Minto. 1991) indicate that their morpholgy is 
extremely changeable and they were formed on some irregular form on the sea floor. 
The regressive phase of the Winnipegosis Formation exhibits subtidal and intertidal 
depositional environments, expressed by increasing anhydrite deposition. which in turn, 
was capped by the halites of the Prairie Evaporite Formation (Perrin. 1982). Activity on 
the Transcontinental Arch in the Middle Devonian caused the Elk Point Basin, 
consisting of the Williston and Alberta basins, to be tilted northwestward before basin 
restriction increased salinity and induced Prairie deposition. Based on intraforrnational 
correlation of anhyditehalite-potash successions, four shallowing-upward cycles can be 
identified (Ratner, Esterhazy, Belle Piain and Mountrail [Patience Lake] Members) 
(Oglesby, 1991) representing minor fluctuations in sea level. Dissolution of the Prairie 
salts occurred in a multiphase manner fiom after the deposition of the salts to the 
present time (McTavish, 1991). Salt removal and collapse appear to be localized above 
the porous and permeable Winnipegosis mounds and above deep-seated (basement) 
structures (McTavish and Vigrass, 1987). 
The third cycle of the Kaskaskia I sequence overlies the Elk Point Group by an 
unconformity manifested by the presence of the Second Red Beds of the Manitoba 
Group. Water deepened again during the subsequent Dawson Bay deposition (Gerhard 
et a l .  1982). Evaporites of the Dawson Bay demonstrate shelf conditions in 
Saskatchewan ('unn. 1982) and peritidal deposition in North Dakota (Dean. 1982). The 
overlying First Red Beds indicate an unconformity. The following Souris River 
Formation consists of several depositional cycles of fine clastics grading into dolomite 
or limestone, capped by anhydrite. The southerly encroachment of the Late Devonian 
seas continued with a minor interruption through the deposition of the Saskatchewan- 
Jefferson Group and reached the maximum in the middle of Duperow time /Af~~chtrid 
and Ken-. 1982; Wilson and Piladrke. 1987). The Duperow Formation is characterized 
by about 12 cycles of shelf carbonates interbedded with peritidal rocks and anhydrite 
Wilson and Piladzke, 1987; Gerhard and Anderson. 1988). The final series of 
carbonate-evaporite cycles of the Devonian make up the Nisku (Birdbear) Formation. 
The Birdbear represents one transgressive-regressive cycle (HaIabura. 1982; Martiniuk 
et al.. 1995) in a shallow epicratonic sea exhibiting low-energy subdtidal and high- 
energy intertidal, lagoonal depositional environments in its lower and upper parts. 
respectively. Overlying the Birdbear (Nisku) Formation is the predominantly clastic 
marine and non-marine Three Forks Formation (Torquay and Big Valley in 
Saskatchewan). A major regression separating the Kaskakia I and the Kaskaskia II 
sequences occurred at the conclusion of the Three Forks deposition. 
Kaskaskia N (Fig.2.3. d) 
The disappearance of the northwestern connection via the Elk Point Basin 
reestablished the Williston Basin to a circular geometry similar to that controlling the 
Tippecanoe deposition. A reorientation of the seaway ushered in Mississippian 
sedimentation as the Williston Basin was opened to the west through the Central 
Montana Trough. The resulting unconformity separating the lower and upper Kaskaskia 
is extensive (Gerhard and Anderson. 1988). 
The basal transgressive unit of Kaskaskia II is the Bakken Formation (latest 
Devonian-lower Mississippian), which is composed of a tripartite organic black 
shalekil tstone - dolomitic siltstone - black shale succession. The depositional 
environment was interpreted by Smith et al. (1993) as a deep-marine - 
offshore/shoreface - deep-marine cycle; however, Sloss (1996) argued for a shallow 
water (lagoonal) origin as the initial deposits of transgressive seas. 
The Bakken deposition was followed by a period of cyclic, shelf carbonate 
sedimentation of the Madison Group in the Lower Carboniferous (Mississippian). The 
continued transgression sustained limestone deposition of the Lodgepole Formation on 
the shelf. Isolated Lodgepole carbonate mudmounds are located in Montana and North 
Dakota along the margins of the structurally active Central Montana Trough Gerhard 
and Anderson. 1988; Precht and Shepard, 1989). The transgression reached its 
maximum at the end of the Lodgepole deposition or early in the deposition of the 
following Mission Canyon Formation (Gerhard et a!.. 1982; Gerhard and Anderson. 
2 988). Mission Canyon rocks are typically shoaling-upward carbonates capped by 
anhydrite. Madison sedimentation came close with the deposition of the regressive 
evaporitic Charles Formation. 
The Kaskaskia II sedimentary record finished with the deposition of a single 
depositional cycle, the dominantly clastic Big Snowy Group, of Chesterian age (Late 
Mississippian) reflecting the influence of the AntlerKariboo orogenic events. The 
shales, silts and sandstones with a thin but widespread carbonate marker of the Kibbey 
Formation indicate near-shore origin. The Otter Formation consists of marine - tidal-flat 
shales and carbonates, while the severely eroded organic shales, lime and sandstones 
and gypsum of the Heath Formation are the manifestations of a restricted marine 
environment (Peterson, 1984; 1988). 
2.1.2.4 Absaroka Sequence 
The deposits of the next 150 M.a. (latest Mississippian - Early Jurassic) known 
as the Absaroka Sequence (Fig. 2 .43 ,  accumulated under dramatically different 
conditions from those prevailing during earlier cratonic episodes. They record the most 
complex and longest Phanerozoic tectonostratigraphic evolution of the craton (Sloss. 
19886). Contrary to its complexity and timespan, in the Williston Basin area, the 
remnants of the sequence are rather thin and restricted mostly to the central and southern 
parts of the basin. The Absaroka sequence can be subdivided in the area into three 
subcycles separated by widespread erosional surfaces. 
Sediments of the first subcycle (latest Mississippian - Early Permian) were 
deposited on a severely eroded surface: however, in the Central Montana Trough the 
depositional hiatus is minimal. The transgressive Tyler Formation of the Late 
Carboniferous (Pennsylvanian) Amsden Group is also tricyclic (Sturn. 1978; Maughan. 
19841, and exhibits alternating fluviaVdeltaic - marinehear-shore environments, 
mirroring a fluctuating sea and an oscillating shoreline. The Tyler Formation is overlain 
by shales and sandstones of the Amsden Formation which was deposited in a more 
restricted environment. The subsequence is capped in places by the severely eroded 
Broom Creek Formation. 
The sediments of the second subcycle of the Absaroka Sequence (middle 
Permian - late Permian) were deposited under episodic hypersaline conditions exhibited 
by the red shales of the overlying Opeche Formation and the carbonates of the 
Mimekahta Formation, and are limited to the central part of the basin. 
The final Absaroka subsequence, with the regressive Triassic Spearfish 
Formation consists of red shales and sandstones with some halite beds (e.g., Pine and 
Saude [=Lower Watrous in Saskatchewan and Lower Amaranth in Manitoba] salts). 
This succession represents the conclusion of the Absaroka sequence. The higher 
-- 
(a) Absaroka (b) Zuni I 
( c )  Zuni I1 (d) Zuni I11 
J00 mi 
Fig. 2.4 Absaroka, Zuni I, Zuni 11, and Zuni 111 sequences in the Williston Basin area 
(based on Gerhard et al., 1982; Langtry, 1982; Sloss, 1988; Beaumont et al., 1993). 
Darker areas indicate deeper regions. 
sandstone content of the Spearfish Formation in the eastern part of the basin indicates 
fluvial deposition drained from uplifted eastern sources. 
2.1.2.5 Zuni Sequence 
The Zuni Sequence in the Williston Basin comprises a single large cycle of 
sedimentation and represents more than half of the preserved sediments of the area. The 
sediments were deposited in a new structural entity of the craton, in the north-south 
trending Western Interior Seaway. The extent and marine connections of the seaway 
changed continuously during the Zuni Sequence. Although an unconformity due to the 
severe post-Absaroka erosion is present between the Absaroka and Zuni sequences, the 
lithologies on either side of the unconformity are similar (Gerhnrd ei al.. 19821, making 
it difficult to differentiate them in some areas. This sequence can also be subdivided 
into three subsequences (Sloss. 19886; Shurr et al.. 1989a), separated by unconforrnities 
reflecting the changing nature of the sedimentation. 
Zuni I (- Jurassic; Fig. 2.4. b) 
The Zuni I (Stage 1 and II of Peper, 1993) is sometimes referred to as the "great 
transgressor" (Peterson. 2988). Sloss (1988) compared it to the Sauk Sequence, based 
on its similarity in showing pulsating and progressive expansion of areas subsiding 
below the depositional base level. The Zuni I subsequence exhibits a smaller scale 
transgressive-regressive cycle of the "Sundance Sea", which is lithologically expressed 
by the Ellis Group. This cycle in turn also shows smaller-scale cyclicity. The basal part 
comprises the corresponding Nesson (central part), Gypsum Spring (SE Saskatchewan) 
and Gravelburg (SW Saskatchewan) formations overlain by the red beds and 
evaporites of the Piper Formation in the centrai part of the basin, by the sandstones of 
the Sawtooth Formation in the northwest and by the Melita Formation in the northeast. 
This succession is followed by the shallow marine shales and carbonates of the Rierdon 
Formation. The Oxfordian (Late Jurassic) renewed marine transgression indicates the 
initiation of the Sevier Orogeny (Sloss. 1988b) and the corresponding uplift of the 
Sweetgrass Arch in the west. The increased clastic sediment supply is manifested partly 
by the sandsrones of the Swift Formation (Vanguard Formation in SW Saskatchewan) 
and by the non-marine clastic sediments of the regressive Morrison Formation. The 
remnants of the Zuni I subsequence are fairly thin all over the study area because of the 
subaerial erosion. This unconfomity is attributed to the global lowering of the sea level 
in earliest Cretaceous time and represents 10 M.a. of erosion and/or nondeposition 
(Sloss, 19886); however, Gerhard and Anderson (1988) prefer relatively small 
emergence of the basin with a 26 M.a. time gap in the sedimentary column. 
Zuni N (-Lower Cretaceous; Fig. 2.4.c) 
The Zuni II subsequence (Stage III of Peper, 1993) is relatively uniform in 
thickness across the basin. Sedimentation commenced with the transgressive Inyan Kara 
Group (-Dakota Group, Mannville Group). The non-marine rocks of the lower pan 
(Kootenai Formation in the east, Lakota Formation in the central parts and the lower 
parts of the Dakota Forrnation in the south and east) are capped by a minor 
unconfomity. The post-Kootenai Zuni rocks were deposited in six main transgressive- 
regressive cycles. 
The first, "Skull Creek" cycle (Peterson, 19881, srancd with the marine 
sandstone beds of the Fall River and Fint Cat Creek Formations. The transgression 
reached its peak during the deposition of the overlying Skull Creek Formation (-Joli 
Fou Formation in Saskatchewan). 
The second, "Mowry cycle'', started with a sea level low (Doison ei a/,  1991; 
LeFever and McCloskey, 1995) during the increasingly transgressive marginal and 
shallow marine deposition of the Newcastle Formation (Muddy Sandstone Formation in 
South Dakota, Viking Formation in SE Saskatchewan, Bow Island Formation in 
southern Alberta). This cycle reached its maximum extent during the deposition of the 
marine Mowry Shale. The top of the Mowry Shale (Fish Scale Zone in Saskatchewan, 
Fish Scale zone of Ashville Formation in Manitoba, top of Blackleaf Formation at the 
Sweetgrass Arch area) indicates the end of the Early Cretaceous, Zuni I1 sedimentation. 
Zuni I11 (- Upper Cretuceous - Paleocene; Fig. 2.4.d) 
The sediments of the Zuni III subsequence (Stage IV and V of Peper. 1993) 
show the combined effects of the increasing activity of the Lararnide Orogeny and of the 
fluctuating, high worldwide sea-level, due to accelerating sea-floor spreading. The 
Colorado Group confines the sediments of the third and fourth Zuni cycles. 
The third, "Greenhorn cycle", commenced with a relative sea level drop during 
the deposition of the Belle Fourche Formation (Schrdder-Adarns et al.. 1996) (Colorado 
Shale in SW Saskatchewan and Alberta, Graneros Shale in South Dakota). The sea level 
during this cycle reached its maximum during the deposition of the Greenhorn 
Formation (Second White Speckled Shale in Saskatchewan and Alberta and Favel 
Formation in Manitoba) and a basin-wide drop was recorded at the end of it (Schrtider- 
Adams, et al.. 1996). The Greenhorn Shale (with its equivalents) is the best marker in 
the Zuni sequence, due to its sharp, characteristic log profile and strong seismic 
response. It is widely used as a datum as in this thesis. The overlying Carlile Shale is 
considered to be the concluding part of this cycle (Shun- et al.. 19890). 
The fourth, ''Niobrara cycle", above an unconfonnity, started with the calcareous 
Niobrara Formation (First White Specks in Canada). The rest of the cycle and the rest of 
the Cretaceous are part of the Montana Group. The regressive phase of the Niobrara 
cycle was caused by the tectonism and volcanism in western Montana and exhibits the 
growing clastic influx from the west. In the western part of the area, closer to the source. 
this phase is represented by the deposition of the Telegraph Creek and successive Eagle 
Formation (Milk River Formation in Alberta and SW Saskatchewan), and in the east by 
the Gammon Shale part of the Pierre Shale Formation. The end of the cycle, above the 
Eagle Formation, is marked by the Ardmore Bentonite Bed, which is the deposit of the 
ashes of the volcanoes in the Elkhom Mountains to the west. 
The transgressive part of the fifth , "Claggett cycle", is the Claggen Shale in the 
west (Pakowski Formation and Lea Park Formation in Alberta and in Saskatchewan) 
and the middle part of the Pierre Shale in the east (lower part of the Riding Mountain 
Formation in Manitoba). The regressive part of this cycle is represented by the Judith 
River Formation (upper Two Medicine Formation west of the Sweetgrass Arch 
{Homer, 1984), Foremost Formation and Oldman Formation of the Belly River Group 
in Alberta, upper part of the Riding Mountain Formation in Manitoba). The regression 
of the Claggett cycle was more advanced and the strandline was running north-south 
somewhere around the 107'~ parallel at the end of the cycle (Gill and Cobban. 1973). 
The beginning of the sixth, "Bearpaw cycle", indicates recurrent tectonism in the 
west, accompanied by explosive volcanism shown by the bentonite beds in the 
transgressive Bearpaw Formation. The subsequent regression marks the final retreat of 
the Western Interior Seaway fiom the study area. The regressive sediments of the Fox 
Hills Formation indicate the advance of the "Sheridan delta" from the southwest into the 
central part of the basin. The "Mosby embayrnent". open to the north. in central 
Montana was located between the delta and the western shores of the seaway (Gift and 
Cobban. 1973). The equivalent formations are the Horsethief Formation, west of the 
Sweetgrass Arch, St. Mary River Formation in Alberta and Eastend Formation in 
Saskatchewan. The overlymg Hell Creek Formation (Willow Creek Formation in 
Alberta and Frenchman Formation in Saskatchewan) was followed by the last marine 
sediments of the Paleocene Cannonball Formation part of the Fort Union Group. The 
sediments of the rest of the group (Ravenscrag Formation in Alberta and Saskatchewan, 
Turtle Mountain Formation in Manitoba) are deposited in a fluviavdeltaic environment. 
The extensive quantities of detritus originated fiom further uplift, erosion and volcanism 
in the Laramide Rockies in the west (Gerhard et al., 1982). 
2.1.2.6 Tejas Sequence (late Paleocene - Present) 
There are few remnants of the Tejas Sequence in the Williston Basin area. The 
Williston Basin became inactive, although deposition of terrestrial sediments continued. 
The Fon Union Group is overlain by lacustrine and fluvial clastics of the Golden Valley 
and White River formations (Cypress Hills Formation in Alberta and SW 
Saskatchewan). Laramide Orogeny-related volcanism of the Central Montana Alkalic 
Province, which started in the Late Cretaceous (69 M.a.), continued into this sequence 
up to the Oligocene (27 M-a.) (Marvin et aL. 1980). Unnamed remnants of the Miocene 
and Pliocene consisting mostly of lacustrine-fluvial deposits and minor limestone are 
present in the Williston Basin. Continental Pleistocene glacial sediments cover most 
parts of the basin. 
2.2 Geology beneath the regional seismic lines 
Local geology of only a few township-wide strips will be discussed here. The 
following review will be conducted with the help of cross-sections drawn across 48 
wells along the seismic lines (Fig. 2.5). The location, the stratigraphic picks of the wells 
and the abbreviations of the lithostratigraphic intervals can be found in the Appendix. 
Special emphasis will be put on the local structures and structural evolution. The thesis 
incorporates the results of Zhu's (1992) study which was constructed utilizing a 
regional, 790 km long, west-east line in Canada (WE I in Figs. 1.I and 2.5). The 
detailed descriptions of local structures and the identified new structures that were 
presented by Zhu (1992) will not be discussed here. Two east-west (WE 11 and WE m) 
and two north-south (NS VCA I and NS II) lines (Fig. 2.5) were composed from the 
most recent industrial data contributions. South of the international border NS I and CA 
I lines will be discussed together. All reviews will be presented from west to east and 
from north to south. 
2.2.1 WE I1 line 
WE II line is the longest profile, reaching over 1000 km in length between the 
very eastern edge of the Disturbed Belt of the Rockies and north-central North Dakota. 
Because of this extended length, the relevant geology was broken into a western and an 
eastern half (Fig. 2.5'. 

2.2.1.1 Western part 
The western part (Fig. 2-6) covers the Foothills, Sweetgrass Arch, Bearpaw 
Mountains and Bowdoin h e  areas. It starts at T28N, R8W, Sec. 28 (Well I )  location 
between the Sheep Creek and the 'Blackleaf Bird and Game Rehge', in Pondera 
County, Montana. 
The Foothills region lies east of the Knowlton trend in the area between Well 1 
and Well 2 (Fig. 2- %a). Thrust sheets of the Laramide deformation involve Upper 
Cretaceous through Cambrian strata (Napier, 1982). Reverse faults dominate the area; 
however, a major, NE-SW striking normal fault with strike-slip is present (Pendroy 
Fault), contributing to the trapping of hydrocarbons at the Gipsy Basin Field 
(Chamberlain, 1 985). 
All the formations dip steeply to the west. The thickness and lithology of the 
Cambrian strata are uncertain due to the lack of deep borehole penetrations. The 
overlying Devonian (-Kaskaskia I) succession consists of a 350-400 m thick Souris 
River - Three Forks series; however, the whole Elk Point Group is missing. The 
Mississippian (-Kaskaskia II) section is around 400 m thick (Johnson, 1984), where the 
series above the Bakken Formation comprises the Madison Lodgepole - Mission 
Canyon - Sun River (Charles equivalent) units. Both Kaskaskia subsequences have 
uniform thickness between the two wells. The unconformably overlying thin Jurassic 
(-Zuni Q Ellis Group gently thins from 100-150 m in the west to 60 m in the east. The 
overlying Zuni 11-Tejas sediments exhibit a large foreland wedge thinning From 1350 m 
in Well 1 to 820 m in Well 2. Most of the thinning is attributed to the uplift in the 
Sweetgrass Arch to the east. 
The Sweetgrass Arch traverses the cross section roughly between Well 2 and 
Well 6 (Fig. 2.7.6). The structures on and around the area are closely related to the 
tectonic history of the Sweetgrass Arch, which is composed of two northwest-southeast 
striking antiforrns, the Nonh Arch (Kevin-Sunburst Dome) and the South Arch, offset 
Foothills Sweetgrass Arch Bearpaw Mountains Bowdoin Dome 
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Fig. 2.7.b Map of the Sweetgrass Arch (Shepard and Bartow, 1986). 
by the right lateral Pendroy Fault (Loren=, l.982) (Figs. 2. ' a  and b)). The feature had its 
inception in the Cambrian or Late Precambrian and undenvent regional pre-Devonian 
uplifts and consequent truncation, possibly in the Middle Cambrian. Silurian. Upper 
Mississippian and perhaps in the Pennsylvanian - Triassic periods (Lorenz. 1982). In the 
mid-Mesozoic the regional tectonic pattern changed due to the Sevier Orogeny and the 
arch was uplifted again From the Middle Jurassic. The present structural configuration of 
the arch is the by-product of the Laramide Orogeny. Lorenz (1 982) puts the main uplift 
to its early stage (Late Cretaceous-Paleocene), but Shepard and Bartow (1986) prefer 
the later phase (post-Eocene) due to a lack of thickness and facies changes on the east 
and west sides of the Arch during the Late Cretaceous - early Tertiary interval (Fig. 
2.6). 
Structurally, the Arch is interpreted as a forebulge of the thrust belt; however, it 
did not migrate with the recurrent thrust load (Lorenz, 1982)). At the eastern part of the 
segment, around Well 6 (Laredo Field, T29N, R12E) the NE-SW striking, SE dipping 
reverse faults (Butterfield, 1985) are probably related to the regional Scapegoat- 
Bannatyne Trend (Fig. 2.7.6). 
There is evidence of thinning of Cambrian (+auk) sediments over the arch 
(Lochman-Balk and Wilson, 1967). Thin sediments (0-20 m) of the Red River 
Formation of the Tippecanoe Sequence exist on the eastern side of the arch and 
thickening occurs to the east. Both Kaskaskia sequences are 350-375 m thick in the west 
and thinning over the arch to 225-250 m in the east. The overlying Jurassic formations 
(Ellis Group, Morrison Formation) of the Zuni I sequence are thin on the crestal part of 
the arch and thicken again toward the east, showing the effect of the Sevier Orogeny. 
The accompanying pre-Cretaceous unconformity bevels in some places into the deeper 
Mississippian strata (Dolson et al., 1993). The thickness of the lower part of the 
overlying Zuni I1 - Tejas interval is fairly uniform, but the upper part is (-Tejas) thin 
and mostly eroded above the crcst of the arch (Well 2 - Well 4) showing the effects of 
the late Laramide (-post-Eocene) uplift. Around Well 3 at the Ledger Field (T30N. 
R1 W), the surface formation is Upper Cretaceous Colorado Shale (Ballard, 1985). 
The segment between Well 6 and Well 8 is the Bearpaw Mountains area (Fig. 
2-8.a). Well 7 is not on the cross-section because its immediate vicinity was affected by 
magmatic intrusion; thus it is not representative in the regional sense. The Bearpaw 
Mountains lie within the Great Falls Tectonic Zone (0 'Neil1 and Lopez, 1985; Best. 
1991; Lopez. 1995) which marks the northwest boundary of the Archean Wyoming 
Province. West of the Bearpaw area, a localized layering at a depth of 72 km, in the 
upper mantle, the "Lonesome Lake Complex", is associated with the development of the 
Bearpaw Mountains (Best, 1991). On the surface, the Bearpaw Mountains are an 
erosional remnant of Tertiary igneous intrusions that occupy a circular area of about 55 
krn in diameter (Reeves, 1953). The main volume of the Bearpaw Mountains consists of 
mafic phonolite and latite flows. The igneous activity occurred during the early Eocene 
(55 to 50 M-a.) (Marvin et al., 1980). 
The hypothesis of the structural history of the area, originated by Reeves (1 924. 
1925. 1546) early in the century, has not changed much: however. some problems still 
remain (Reeves. 1953). According to this model (Fig. 2.8.b), a doming and subsequent 
erosion of the sedimentary rocks in the present mountain area were followed by periods 
of new volcanic activity when extmsive rocks accumulated in the mountain area. Later, 
during the more explosive phases, a plainsward sliding took place down the flanks of 
the mountain arch along the bentonite beds of the Upper Colorado strata, producing 
circularly arranged belts of thrust faults in the adjacent plains. This phase in the central 
region was accompanied by the formation of a rift, with the intrusion of dikes. At the 
close of the volcanic activity or afier it, normal faulting occurred around the margins of 
the mountains. Similar, but smaller structures, attributed to the same mechanism were 
identified by Shouldice 11963) at the Bowes Dome, a couple of kilometers to the north, 
and by Lopez (1995) in the Sweet Grass Hills fbrther to the northwest. 
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Fig. 2.8.a Map of the Bearpaw Mountains (Rice. 1980). 
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Fig. 2.8.b Structural development stages of the Bearpaw Mountains (Reeves, 1946). 
Between Well 6 and Well 8 and fkther to the east, toward the Williston Basin, 
the sedimentary sequences generally thicken, with the exception of the Sauk Sequence. 
At the Bearpaw Mountains proper, below the Cretaceous layers, Devonian (Three Forks, 
Birdbear, Duperow) and Silurian (Red River) strata are in a high tectonic position (not 
indicated in the cross-section) due to the structural deformation during the ma-matic 
intrusion; however, the structural features at the contact were never investigated closely 
(e-g., by the seismic method). 
Between Well 8 and Well 9 the cross-section continues to the northeast, 
traversing the Bowdoin Dome in central Montana (no seismic coverage). The Bowdoin 
Dome structurally belongs to the marginal elements of the Williston basin. The 
Bowdoin Dome is a NW-SE striking arch broken by local arches, saddles. noses and by 
several NE-SW striking faults Wydegger et aL. 1980). The structure was active 
throughout the Phanerozoic; however, the recent, major domal structure is a product of 
the Laramide Orogeny (Nydegger el al., 1980). 
Across the Bowdoin Dome the Sauk Sequence thins slightly; however, the rest 
of the sedimentary columns exhibit general thickening to the east. The Tippecanoe 
Sequence reaches 250 rn in thickness and apart from the Red River Formation of the Big 
Horn Group. sediments of the Winnipeg Group and the Silurian Interlake Group appear 
in the under- and overlying layers, respectively. The lowest part of the Kaskaskia I 
subsequence exhibits thin Elk Point Group (Ashem, Winnipeg and Prairie formations) 
sediments. The rest of the subsequence shows a f i l l  Williston Basin succession of the 
Madison and Saskatchewan-Jefferson groups and the Three Forks Formation. Similarly, 
the Kaskaskia II subsequence exhibits Williston Basin affinity with the Bakken 
Formation, and a more extensive Lodgepole - Mission Canyon - Charles series of the 
Madison Group. The Big Snowy Group is still missing in this area. The first, thin (-35 
m) appearance of the upper part of the Absaroka Sequence (Spearfish Formation) is 
observable. The Zuni I Ellis Group thickens considerably, reaching over 300 m 
thickness in this area. Even more dramatic is the thickening of the Zuni II - Tejas 
interval from 900 m in the west to 1300 m in the east; however, the main contributor to 
this thickening is the uppermost part of the succession. 
2.2.1.2 Eastern part 
The eastern part of the WE II cross section (Fig. 2.9) covers the entire Williston 
Basin, fiom Well 10 in northeast Montana, to the T158W, R72W, Sec. 1 (Well 26) 
location in Pierce County, north-central North Dakota. Following the regional seismic 
line, the cross section is offset by a 30 km north-south segment between Well 15 and 
Well 16 in Montana (Fig. 2.5). The intersections with other regional cross sections are 
indicated (Fig. 2.9). Four subregions can be designated: the Williston Basin Margin 
(Fort Peck Reservation area, northeast Montana), the West-Central, the Nesson 
Anticline, and the Eastern Flank. The cross section between Well 9 and Well 15 runs 
parallel to the northern edge of the Fort Peck Indian Reservation, an area of well- 
documented exploration. 
NWiston Basin Margin 
Monson and Lund (1991) subdivided the Fort Peck Reservation area into three 
tectonic regimes. These are fiom west to east "Central Block", "Transition Zone" and 
"Williston Basin Element" (Fig. 2-10'. The extension of the Central Block and of the 
Transition Zone is represented by the interval between Well 9 and Well 1 I on the 
regional line. 
The Central Block is practically the extension of the Bowdoin structure, 
confining the Wolf Creek Nose and the Poplar Dome (Monson. 1995). Together they 
represent the major northwestern marginal structural element of the Williston Basin. 
Due to the proximity of the Poplar Dome to Line WE III, the discussion of its structure 
will be addressed there. Larger structures (Bowdoin Dome, Poplar Dome) in the Central 
Block were active tectonically throughout the Phanerozoic, while smaller features (e.g., 
Wolf Creek Nose) experienced at least one episode of tectonic reversal (Shurr and 
Monson, 1995). A noticeable dip reversal occurs between the elevated Central Block 
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Fig. 2.1 1 Structure of the Sheridan County, Montana (Indorf and Norwood, 1987). 
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and the neighboring Transition Zone, which in turn with a steeper gradient "rolls" over 
into the Opheim Syncline [or the Smoke Creek Syncline] (Momon. I99 I ) .  
The Transition Zone is the area of widespread fault activity observed in the 
fractured Bakken Formation and also marks the approximate limit of the Prairie 
Evaporite (Momon. 1995); however, on the cross-section, the Prairie Evaporite is 
present fiom Well 9 (8 m thickness) to the east. 
West-Central 
The less steep area, east of the Transition Zone, starts with the Smoke Creek 
anticline, which belongs to the Williston Basin element (Fig. 2.10). This segment is 
represented in the cross section by the interval between Well 12 and Well 19. Between 
Well 15 and Well 16 the regional line is offset by 30  krn from the north to the south. 
Just 3 kilometers south of Well 13, in the Outlook Field (T36N, R52E), salt 
removal and collapse of the Prairie Evaporite and subsequent thickening of the 
overlying Duperow and Three Forks formations were detected (Parker, 1 96 7; Basinski. 
l 98 j j .  
Further to the east, at Well 14, the cross section passes through the Raymond 
Field (T36N, R53E). The field is situated on two southeast trending noses. forming 
together a NE-SW striking structural step. The structure is probably controlled by NW- 
SE striking faults. Low-relief structures were present fiom the Ordovician through the 
Mississippian Parker and Powe. 1983. Intermittent tectonic activity along basement 
faults caused Fracturing in a number of formations (Parker and Powe, 19821. 
[n the northeast comer of Montana (Fig. 2.Il),  between Well 15 and Well 16, 
the structural dip steepens toward the center of the basin. The tectonic activity in the 
area is governed by NW-SE striking faults in the western part, and NNW-SSE striking 
faults toward the eastern part, which possibly originated in the Precambrian and were 
rejuvenated in Phanerozoic times, especially during the Laramide Orogeny. The 
younger, NE-SW striking secondary fault directions were developed during the 
Laramide Orogeny (Andrew et al.. 199 1) .  
In the southern part (Figs. 2-10 and I I ) ,  between Well 16 and Well 18, the 
overall structural directions are similar and their Precambrian origin was emphasized by 
Indorf and Norwood (1987). The presumed "Brockton-Froid Fault" does not offset these 
structural directions (Indor-fand Norwood. 1987). This part of the cross section traverses 
numerous stuctural noses with basin-center-trending axial traces. These structural noses 
are locations of numerous oil fields (e-g., Reserve, Colored Canyon. Katy Lake. 
Dagmar, Fishook, Clear Lake, Dwyer fields [T32-34N. R54-%El). The trends of these 
noses are getting closer to north-south toward the east, closer to the deeper, central part 
of the basin. The cross section intersects the NS YCA I line(s) at Well 35. 
The WE II geological cross section reaches its maximum sedimentary thickness 
further to the east at Well 19 (Fig. 2-91. Here the thickness of the Sauk Sequence 
(Deadwood Formation) is around 200 m. The Tippecanoe Sequence with full Winnipeg, 
Big Horn and Interlake Groups reaches a thickness of 670 m. The overlying Kaskaskia I 
(Devonian) sequence, is represented by 570 rn of sediments of the Elk Point. Manitoba, 
Saskatchewan-Jefferson Groups and the Three Forks Formation. The subsequent 
Kaskaskia I1 sequence exhibits full Bakken Formation overlain by the complex Madison 
Group and capped by the Big Snowy Group totalling 820 m of preserved sediments. The 
significant, 270-m thick Absaroka Sequence represents all the three subsequences: the 
Mimelusa Group (Pennsylvanian), the Opeche and Mimekahta formations (Permian) 
and the Speartish Formation (Triassic). The Ellis Group of the Zuni I sequence reaches 
320 m, while the rest of the Zuni Sequence and the Tejas Sequence (Inyan Kara, 
Colorado and Montana Groups) top the sedimentary column with a considerable 1690 m 
thickness. 
Nesson Anticline 
The next area to the east, between Well 19 and Well 22, is the Nesson Anticline 
(Fig. 2.12). This major north-south-trending structural feature in the basin is even more 
pronounced toward the south, where it is traversed by the WE Ill cross section. 
Structurally, the Anticline comprises at least six tectonic blocks, which are bounded by 
the major West Temple and West Nesson faults in the west and by the East Temple and 
East Nesson faults in the east (Famakinwa, 1989). The role of the presumed numerous 
"regional lineaments" in the structural evolution of the anticline is not clear. The 
bounding faults have been present and active since Precambrian times (Gerhard et al.. 
198 7). Major stmc tural movements are documented in the Ordovician, Silurian. 
Devonian, Mississippian, Pennsylvanian. Permian and Triassic periods /FamaXinwa. 
1989). The role and position of the Nesson Anticline were interpreted differently by 
various authors; however, no model describes these adequately in the context of the 
basin's evolution as a whole. This thesis gives a new perspective on the Nesson 
Anticline that is in accordance with the regional and local constraints in space and in 
time. 
Eastern F h n  k 
The area from Well 22, where the line crosses the NS II geological cross section. 
to the end of the line (Well 26) (Fig. 2S), represents the eastern flank of the Williston 
Basin (Figs. 2.9, 2.13 and 2.14)). The area is dominated by structures trending toward 
the basin center (NE-SW in the west and more ENE-WSW towards the east) (Figs. 2.13 
and 2.14). The geological profile just passes the SW Aurelia Field (T157N. R88-87W) 
east of Well 23 and bisects the Heartland Field (T157N, R84W) northeast of Well 24, 
while the seismic profile traverses the Mackobee Coulee Field (T 158- 159N, R85W) 
farther to the north. Northwest of Well 25, the line extends over the Glenburn Field 
(Tl58- 159N, R82-8 1 W). All of these fields are located within NE-SW (basin center) 
trending structural noses. 

- Geological cross sections - Seismic lines 
Fig. 2.13 Structure of the Coteau (Mississippian) interval in northern North Dakota 
(Burke, 199 I ). 
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Fig. 2.14 Structure of the State "A" Marker bed in northern North Dakota 
(LeFever and Anderson, 1986). 
The strata generally thin and/or wedge out to the east. The Deadwood Formation 
of the Sauk Sequence almost reaches its erosional edge and shows only 8 m preserved 
thickness. The Tippecanoe Sequence thins to 325 m. but all of the formations are 
present at the end of the line. The overlying Kaskaskia I thins by more than half between 
Well 22 (620 rn) and Well 26 (255 m). The Prairie Evaporite pinches out between Well 
24 and Well 25. The thickness of the Kaskaskia I1 sequence drops from 740 m to 120 m. 
The Bakken Formation disappears between Well 25 and Well 26. Formations of the 
Madison Group wedge out successively between Well 25 and Well 26. The Big Snowy 
Group vanishes between Well 24  and Well 25. The subsequent Absaroka Sequence. 
similarly to the Sauk Sequence, almost reaches its erosional edge and at the end of the 
line exhibits a bare 17 m total thickness. The lower and middle parts of this sequence 
disappear before Well 22 and Well 23, respectively. The Ellis Group of the Zuni I 
Sequence thins only 16% between Well 22 and Well 26. The lower part of the following 
Zuni II - Tejas interval preserves most of its thickness toward the east; however the 
upper part is progressively eroded in that direction. 
2.2.2 WE III line 
The geological cross section along the second seismic line starts at T26N. R48E. 
Sec. 29 (Well 27) in McCone County, Montana and ends at T151N. R80W. Sec. 22 
(Well 32) in McHenry County, North Dakota (Figs. 2.5 and 2.25). This and the rest of 
the lines, with lengths ranging from 350 to 400 km. are half of the lateral extent of the 
WE I1 and do not extend beyond the Williston Basin proper. This west-east striking WE 
HI profi!e (Fig. 2.5) with a length of 360 krn, crosses the deepest portion of the basin 
and is located some 67 km (42 mi) south, and parallel to WE 11. Similarly to the eastern 
part of WE 11, structurally WE EI can be subdivided into four portions: the Williston 
Basin Margin, the West-Central, the Nesson Anticline and the Eastern areas. 
WiNiston Basin Margin 
The westernmost section, from Well 27 to Well 28, is parallel with the southern 
limit of the Fort Peck Indian Reservation (Missouri hver)  (Fig. 22.0)- The area is 

dominated by the presence of the southeastern extension of the Poplar Dome. The 
Poplar Dome is an elongated structural nose trending NW-SE toward the basin center. 
The steepest dip occurs along a flexure on the northeastern and eastern sides of the 
dome (Orchard, 1987). The Poplar Dome was active throughout the Paleozoic. Its 
paleotectonic expression was detectable during the Upper Kaskaskia (Mississippian), 
Absaroka and Zuni II sequences (Shurr and Monson. 1995). The major uplift, leading to 
the present-day structural configuration, occurred in the post-Paleozoic Laramide 
Orogeny (Orchard. 198 7). 
West-Central area 
Covering an area east of the Poplar Dome to Well 29 (Fig. 2.15). this portion of 
the basin is noted for a generally high density of small, low-relief, deep-seated structures 
(Hill, 1985). These structural noses trend toward the center of the basin (in directions 
ranging from SE to E). Numerous oil fields are located in the area traversed by the cross 
section (e.g., Charlie Creek Nonh, Stampede, Andes. Middle Sioux Pass. Otis Creek 
fields in Montana and Glass Bluff Field in North Dakota). 
Between Well 27 and Well 29 there is no direct information about the thickness 
of the Sauk Sequence (Deadwood Formation). However, based on regional maps. it is in 
the range of 200-250 m and thickening toward the east. Most of the sequences reach 
their maximum thickness at or near Well 29, the deepest well of the study. The 
Tippecanoe Sequence along this 160-km interval more than doubles fiom about 280 m 
to 625 rn. Similarly Kaskaskia I increases its thickness fiom 270 m to 380 m. The 
Kaskaskia I1 already has considerable thickness (670 m) in Well 27, due to the fact that 
it is located in the Big Snowy Trough area. The sequence thickens somewhat toward the 
center of the basin to 840 m. The Absaroka Sequence is represented in Well 27 by a 
bare 64 rn of sediments and expands to 390 m in Well 29. The thickness of the Zuni I 
subsequence is fairly uniform in the range of 300-325 m. The lower part of the Zuni II - 
Tejas interval is also uniform, but the upper part thickens toward the center of the basin. 
Nesso n A n tic fin e 
East of Well 29, the next -70 km of WE III line traverses the north-south 
striking Nesson Anticline and also records the deepest part of the basin (Fig. 2. 16). The 
structure is bounded by the north-south striking, steep West and East Nesson faults. The 
Nesson Antiche has higher amplitude and is narrower at this portion than at its 
northern part; however, further south it splits into smaller secondary folds (LeFrver et 
al, 1987~) .  The cross section traverses three blocks of the Nesson Anticline across the 
Dimmick Lake, Clear Creek and Blue Buttes fields. The greatest uplift of these blocks 
occurred during the Devonian, Early Mississippian and Pennsylvanian (LeFever et al.. 
1987a). 
Eastern areas 
East of the Nesson Anticline to the end of the Iine is the Eastern flank of the 
basin (Fig. 2.1 7). Like in the corresponding section of the WE 11, the structural noses 
trend toward the center of the basin (WSW and W in this area) (northeast part of Fig. 
2.1 7) and the sedimentary sequences are gradually thin or wedge out to the east. 
By the end of the line, the Sauk Sequence is reduced to some 50 m thickness. 
The Tippecanoe Sequence from 650 m in Well 3 1 shrinks to 44 m in Well 32. Similarly. 
on this -100 m distance. the Kaskaskia I Sequence thins from 500 m to 320 m. The 
Kaskaskia U Sequence also thins fiom 710 rn to 500 m in such a way that no sediments 
of the Big Snowy Group are present in Well 32. Approaching its erosional edge, the 
Absaroka Sequence is reduced to 60 m. Even the overlying Zuni I subsequence thins 
toward the east, however, not as dramatically as the sequences below (280 rn - 220 m). 
The complex Zuni II - Tejas interval by the end of the line is thinned by a third fiom 
1540 to 1060 m. 
2.2.3 NS I / CA I lines 
To emphasize the regional context of the geological features of  the two major, 
parallel, north-south lines, two regional seismic profiles and geological cross sections 
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Fig. 2.17 Sherwood subinterval (Mission Canyon Formation) structure, 
McLean, Mountrail and Durn counties, North Dakota (McClellan, 1995). 
were constructed (NS I and CA I lines) (Fig. 2.5). Since only Well 33 provides 
additional information along line CA I, no new geologic section was generated for this 
line. Well 33 was incorporated into the geological information of NS I (Fig. 2.18). The 
NS I (CA I) geological cross section starts at 6-10-6-10W2 in the Midale area of 
Saskatchewan and ends at 6-1 3 1 N- 1 O O W  in Bowman County, North Dakota. The 
seismic line extends some 45 km to the south into South Dakota. The CA I geologcal 
cross section runs in a north-south direction across the deepest part of the Williston 
Basin, covering 400 km. The basin in this section exhibits a slightly asymmetric pattern, 
steeper dips on the northern side and more moderate trends on the southern flank as a 
consequence of the line crossing the axis of the basin (-NNW-SSW) at an angle. 
Subsequently, the section can be subdivided into a northern section (Well 33 - Well 29) 
and a southern interval (Well 29 - Well 41). 
Northern part 
The northern part incorporates the Canadian section of the line (Figs. 2.18 and 
19), an area of gently dipping, basin-center-trending structural noses (SSE, S in this 
area). Numerous oil fields are located on or around the line on these noses (e.g.. 
Bromhead [T3, Rl3-l2W?], Oungre [T2, R14W21 and Hoffer [TI, R15W21 fields). 
The structurally important NW-SE trending Hummingbird Trough is siruated 
west of the area. In the trough region. Prairie Salt dissolution and accompanying 
collapse have taken place at different times, ranging from the Upper Devonian through 
the Cretaceous (Hurtling et a/., 1982). From the international border to Well 36, where 
the line runs parallel with the Nesson Anticline, the stratigraphic dip is fairly uniform 
and no major structure is encountered. The segment between Well 36 and Well 29 
comprises the deepest portion o f  the geology. The region is characterized by east-to- 
southeast trending structural noses (Dean, 1987) pointing toward the geometric center of 
the basin, which is located just east of Charison, ND and Keene, ND (Ahern and 
Mrkvicka, 1984). These noses were active throughout the Phanerozoic (Ma-ver, 1987: 
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Fig. 2.19 Structure map on the top of the Oungre Zone (Charles Formation). in 
southern Saskatchewan and adjacent areas (Hart ling et a1 .. 1 982). 
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Fig. 2.20 Structure map on the top of the Duperow Foxmation (Devonian) in 
southwestern North Dakota (LeFever and Crashell, 199 1). 
Dean. 1987) are the locations of the Rosebud, Baker, Trenton, Hardscrabble, Camp and 
Indian Hill oil fields. 
From north to south, between Well 33 and Well 29. the Sauk Sequence thickens 
from I00 m to about 250 m. The Tippecanoe thickens from 420 m to 625 m in the same 
interval. The overlying Kaskaskia I Sequence, representing the deposits of the 
structwally different Elk Point Basin, thins southward fiom 612 m to 480 m. The 
southward thickening of the stratal pattern reappears in the Kaskaskia II Sequence (390 
m - 840 m). The Absaroka Sequence thickens in this interval fiom 85 m to 390 m. The 
thickness of the Zuni I subsequence, only 200 m in Well 33. is otherwise in the range 
from 320 to 350 m between Well 34 and Well 29. The lower pan of the Zuni II - Tejas 
has fairly uniform thickness along this 200 km, while the eroded upper part thickens 
toward the south. 
Southern pun! 
The gently dipping interval between Well 29 and Well 11 is in the southern 
flank of the basin (Figs. 2.18 and 20). The area is represented by structural noses 
trending toward the basin center. This means that the noses trend to the east in the 
northern pan, to the northeast in the central part, and to north in the southern part of the 
segment (Figs. 2. I8 and 20). The largest structures are the WE-trending Billings nose 
and the N-trending Little Knife nose, bounded by steep faults. The Billings nose and 
Little Knife area with the adjacent structural noses are sites of numerous oil fields (e.g., 
Tree Top. Whiskey Joe, West and East Fryburg, Medora, Four Eyes, Big Stick, T-R, 
Rough Rider, Elkhom Ranch, Little Knife, Knutson and Square Butte fields). The 
structures behaved independently of each other throughout time (LeFever and Crasheff, 
1 9 9 1 ~ ~  although the structural activities on them were more or less coeval. Active 
periods took place presumably fiom the early Paleozoic; however, only the later ones 
(Devonian, Mississippian and Late Cretaceous) were documented (LeFever and 
Crashell. 1991). A post-Mesozoic, NE-SW and NW-SE set of fractures has been 
observed in the Little Knife area (Narr and B u m .  1984). 
Two local. circular structural anomalies along the line can be distinguished on 
almost ali maps. The northern one is the Red Wing Creek 'concentricline" at T148N, 
RIOIE (Fig. 2.22), once attributed to meteorite impact (astrobleme) (Bridges. 1978) and 
later reinterpreted as a result of a multi-stage tectonic movement along intersecting 
strike-slip faults (Bridges. 1987). To the south, the Cold Turkey Creek structure at 
T130N. RlOZW, originally also believed to be of a meteoritic origin, is similarly 
reinterpreted as a tectonically controlled feature (Gerhard et a/. . 1995). 
From the central part of the basin to the end of the line, the Sauk Sequence thins 
somewhat fiom -250 m to -200 m. Thinning of the Tippecanoe Sequence is more 
pronounced (625 m - 390 m). The Kaskaskia I subsequence thins dramatically to the 
south fiom 480 m to 150 rn, in such a way that that the Elk Point Group wedges out 
between Well 39 and Well 40 and only a few meters are preserved from the Souris 
River Formation of the Manitoba Group in Well 41. The thickness of the Kaskaskia [I 
subsequence drops from 840 m to 510 m. The Bakken Formation pinches out between 
Well 38 and Well 39. The Absaroka Sequence is fairly uniform along this 200 krn line 
in the range of 360-430 m. The Zuni I subsequence thins gradually toward the south 
(320 m - 230 m). The eroded Zuni II - Tejas interval is progressively reduced in 
thickness fiom 18 10 rn to 1650 m. 
2.2.4 NS I1 line 
The last, 370-km long north-south cross section starts at 13-21-2-3W2 on the 
Canadian side of the border and ends at T l3ON, R9 1 W, Sec. 7 in Adams County, North 
Dakota (Fig 2.22). Similarly to the NS I / CA I line. its northern flank is steeper than its 
southern one. The apparently higher structural position of Well 3 1 is the consequence of 
its location, 25 kin (15.5 mi) east of the north-south axis of the line (Fig. 2.5). 
Nevertheless this well is the informal boundary of the northern and southern pans of 
the line. 
Geological cross section - Seismic line 
Fig. 2.21 Structure map of the Charles Formation (Mississippian), Red Wing Creek area. 
North Dakota (Bridges, 1987). 
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Northern pan 
The northern part crosses only a few kilometers of Canadian territory; the rest 
runs south of the international border (Figs. 2.23, 2.13, and 2.1 7). The line crosses 
structural noses trending toward the basin center. Proceeding from north to south, the 
noses trend SW in the northernmost part (Fig. 2-23)? WSW in the central part (Fig. 
2.13) and W in the southern part (Fig. 2.1 7) of this interval. Most of these noses trap 
significant amounts of hydrocarbons (e.g., Entry, Stony Run, Bowbells, Thompson 
Lake, Vanville, Clearwater fields). 
The Sauk Sequence in the northern part thickens from -200 m to -250 m toward 
the south. Similar, gradual thickening is observed on the Tippecanoe thickness (490 rn - 
7 10 m). The Kaskaskia I subsequence, thickens by only 60 m (560 m - 620 m) between 
Well 42 and Well 44. The Kaskaskia II almost doubles its thickness (400 m - 760 m) in 
the same interval. Even more dramatic is the thickness change of the Absaroka 
Sequence (60 m - 2 15 m) along this 90 krn stretch. The Zuni I subsequence moderately 
increases its thickness toward the south (250 m - 300 m). A similar. gradual thickness 
change is observed in the Zuni I1 - Tejas interval ( 1 1 00 m - 1 625 m). 
Southern part 
The strata on the southern flank of the line, between Well 3 1 and Well 48, dip 
gently to the north. In this interval the structural noses also trend toward the basin's 
center. to the W and WNW on the northern segment (Fig. 2.1 7) and to the NW and 
NNW on the southern segment (Fig. 2.20). Similarly to the southern part of NS I /CA I, 
recurrent structural activity during the Paleozoic and Mesozoic was documented on 
these structures (LeFever and Crashell, 1991). In this part the line also traverses 
important oil fields, located on the structural noses (e.g., Lucky Mound, Halliday, 
Buffalo Creek). 
Between Well 45 and Well 48 the Sauk Sequence thins from -250 m to 1 15 m. 
The thickness of the Tippecanoe Sequence is reduced from 670 m to 380 rn. The 

Kaskaskia I thickness drops to less than half, from 400 m to 170 m. Sediments of the 
Elk Point Group wedge out between Well 45 and 46. The Kaskaskia [I subsequence 
thins from 750 m to 475 m along this 150 km stretch. The Bakken Formation wedges 
out between Well 46 and Well 47. The Absaroka Sequence thickens gradually from 370 
m to 200 m. The Zuni I subsequence undergoes a similar decrease in thickness toward 
the south (280 rn - 185 m). A relatively small thinning of the Zuni I1 - Tejas interval is 
observed (1630 m - 1340 m). 
CHAPTER 3 
CRATONIC BASINS AND BASIN EVOLUTION MODELS: CRITICAL 
REVIEW AND PROBLEM STATEMENT 
Before the discussion of evolution models and structures of cratonic basins. the 
definition of "craton" and "cratonic basin" should be given. 
"Cratons" are synonymous with extensive regions of thick continental crust. 
suggesting that cratons extend oceanward as far and as long as the presence of 
continuous thick continental crust is indicated for the time span in question (Sloss. 
1 9880). Phanerozoic cratonic boundaries therefore shift with time, a principle accepted 
in the interpretation of Precambrian history. Consequently, the eastern, Appalachian 
margin of North America became "cratonized" in the Mesozoic and remained so. while 
the western margin was "de-cratonized" since the Sevier and Laramide orogenies (SIoss. 
1 988a). 
Accordingly, "cratonic basins" are basins located either on cratonic margins 
(pericratonic basins) or in the interiors of cratons (intracratonic basins). Here, only the 
latter, intracratonic type of cratonic basins will be addressed as analogues to the 
Williston Basin, since throughout its history, the Williston Basin was situated in 
cratonic interior areas. 
3.1 Cratonic basin evolution models 
The "deceptively simple" cratonic basins (Bully, 1989) remain stubbornly 
enigmatic. No model suggested to date has been able to describe satisfactorily every 
aspect of their initiation, location, structure and evolution. Most of the subsidence 
models try to produce subsidence curves, which are constructed from well information 
(thickness, lithology). These curves basically plot sediment age versus depth. corrected 
for sediment compaction, variation paleobathymetry and isostatic amplification effects 
of sediment load (Steckler and Watts. 1978). Obviously, a resulting subsidence curve is 
sensitive to the input parameters used (e.g.. sea-level changes, compaction coefficient. 
etc.) and can vary From place to place within a basin due to the structural position of a 
given well. Generally, wells from the central part of a basin are used as representative of 
the basin's subsidence, Different basin modelers have viewed the same subsidence 
curve differently, which has resulted in different interpretations of various controlling 
factors on basin subsidence. Hypotheses on the origin of a cratonic basin can vary 
widely in different aspects: 
Duration of subsidence. Disagreement pertaining to various basins exists about when 
the basins actually formed and how long they lasted as cratonic basins. since the areas in 
question can have different basinal history before and/or after the cratonic basin 
evolution. 
Pattern of subsidence. Theories show one or two exponentially decreasing or 
increasing, linear patterns of subsidence. 
Periodicity. Types of periodicity invoked in the models are: one, two or multiphase: 
continuous or episodic subsidence. 
The theories can be put into categories; however, these categories are not 
mutually exclusive, since each theory has relative strengths and weaknesses. 
3.1.1 Models based on lithospheric stretching and thermal contraction 
The most popular thermal model invokes a heating event below the basin, 
followed by thermal contraction. As Quinlan (1987) pointed out, heating and cooling in 
itself would not produce a basin; therefore, subcrustal thinning, subaerial erosion or 
phase change is required for subsidence. 
Certain thermal models suggest a sigmoidally decreasing subsidence curve. This 
implies a slower initial subsidence phase, e.g., for the early Williston Basin evolution 
(Ahern and Mrkvicka. 1984: Ahern ond Ditmars. 1985). This approach assumes a heat 
source within the lithosphere below the basin (hot intrusive body), which was heated. 
uplifted. eroded and which then subsided isostatically due to the cooling and contraction 
of the heat source (Ahrnn and Sleep. 1984). Some of these models emphasize the axial 
symmetry of the cratonic basin as could be expected From a point or disc-shaped heat 
source and point out that the location of maximum subsidence (location of the 
lithospheric load) would not change significantly during subsidence. This is more 
obvious if the data are corrected for tilting of the basin caused by tectonic effects in the 
neighboring orogenies 64hern and Dikeou. 1989). Where the heating event and related 
uplift and erosion are not obvious (Michigan Basin), the theory suggests that the heat 
source or thermal anomaly was at a great depth and did not reset the "thermal clock" 
(Nunn et al., 1984). Observed periods of rapid/slow subsidence, which deviate from the 
exponentially decreasing subsidence rate consistent with thermal contraction. were 
interpreted as multiple heating events (Cercone, 1984). changes in sediment supply 
and Sleep. 19841, or the consequence of periods of free thermal convection in the 
underlying rift (Nunn, 1994); however, no explanations were given for the cause of this. 
Others (Klein and Hsui. 1987; Klein. 1991) analyzing the subsidence curves 
from cratonic basins, concluded that they have a simple, exponentially decreasing 
pattern reflecting three phases of subsidence. These are the (a) initial, rapid fault- 
controlled subsidence (rift reactivation); (b) rapid thermal subsidence; and (c) slow 
thermal subsidence coupled with isostatically uncompensated mass. The problem 
remains, that not every cratonic basin is underlain by rifts, and even if it were, there is 
no evidence of reactivation. Klein and Hsui, (1987) and Klein (1991) accounted for a 
second episode of subsidence in response to flexural foreland deformation in Nonh 
American cratonic basins (Michigan. Illinois and Williston). 
Another thermal model by Burke and Dewey 11973) and Burke 11 977) is similar 
and suggests triple-junction rifling associated with a thermal plume as cause of the 
subsidence. Again, the problem remains in the case of basins without a rifted basement. 
h areas where they exist, they rarely exhibit triple-j unction configurations. 
Nevertheless, this model could tackle the problem of axisymmetric character of most 
intracratonic basins. 
3.1.2 Models based on crustal and mantle phase changes, metamorphism and 
intrusion 
The phase-change model is based on the hypothesis that the MohoroviCic 
discontinuity is a phase boundary between gabbro and eclogi te. The phase-change 
model supplies an alternative cause to subaerial erosion. 
Ha,xby et al. (1976) proposed that cratonic basin formation involved mantle 
diapirs. According to this model, the hot asthenospheric mantle rocks intruded into the 
lithosphere and heated the lower crust, where metastable lower-density gabbro 
transformed into high-density eclogite. As the mantle rocks cooled. the cratonic basin 
subsidence began under the crustal load of the eclogite. A two-stage phase-change 
model has been proposed by several authors, emphasizing that subsidence of cratonic 
basins accelerates some time after it is initiated. 
Ahern and Dikeou (1989) suggested that phase change is produced by heating 
during thermal rejuvenation, combined with the predicted thermal contraction following 
rejuvenation. 
Middleton (1980) theorized that subsidence due to deep crustal metamorphism 
(greenschist to arnphibolite) occurs during the latter part of the heating period, and is 
followed immediately by subsidence due to thermal contraction during the cooling 
period. 
According to Marechal and Lee (1983), subsidence is caused by the 
superposition of the motion of a phase boundary and of  the flexure of the elastic 
lithosphere in response to the loading of the Earth's surface by sediments, applying 
changes in pressure to describe the initial stages of the basin's subsidence. 
Hamdani et al. (1991) reasoned that two-stage subsidence is the consequence of 
delayed phase change which causes accelerated subsidence after a time. on the order of 
20 M.a. The delay is because of the time required for cooling at the lithosphere- 
asthenosphere boundary. They concluded that the phase-change mechanism is the 
dominating effect of the late stage of subsidence; however, they emphasized that the 
model can not be applied readily to cratonic basins with an extremely long subsidence 
history (eg., the Williston Basin). In the Williston Basin, Hamdani et al. (1994) 
accounted for a longer delay (- 40 M.a.) and a drop in the heat flow at the lithosphere- 
asthenosphere boundary. 
Naimark and Ismail-Zadeh (1995) suggested that a cratonic basin was formed 
due to the subsidence of a heavy eclogite lens in the asthenosphere. They indicated a 
different time from other authors for the start of subsidence in the case of North 
American cratonic basins. 
Stel et al. (1993) invoked a two-stage development model for intracratonic 
basins implying magmatic underplating as the governing factor of their evolution. The 
initial phase involves an incipient crustal dome, formed by asthenospheric upwelling, 
associated with basaltic underplating, and a migration of the induced lower-crustal melts 
to upper-crustal level causing a phase change of the dioritic melt to a denser mafic layer. 
The domal-style axial symmetry of the uplift is emphasized. Furthermore, they assume 
active rift involvement along "pre-existing" shear zones. Subsidence occurs in the 
absence of crustal extension with an initial high rate due to crystallization of gabbro at 
the Moho, followed by low subsidence attributed to solid state cooling. The second 
phase of accelerated subsidence is related to the transformation of the gabbroic 
underplate to heavier eclogite. 
Fowler and Nisbet (198.5) considered a linear and continuous panem for the 
subsidence curve of the Williston Basin resulted fiom the phase-change mechanism. 
Deviation fiom the linear trend is attributed to effects of episodic sea-level changes. 
Bally (1989) warned that the main disadvantage of phase-change models is that 
they can not be used in a predictive sense and are used as a refuge. in ad-hoc mode. 
when all other explanation fails. 
3.1.3 Models based on changes of in-plane stress and tectonic rejuvenation 
In-plane-stress and tec tonic-rejuvenation models suggest a mu1 t i-stage evolution 
of the cratonic basin with recurrently applied external forces; however, they can not 
resolve a basic problem of how lateral forces can cause oval-shaped intracratonic basins. 
Moreover, the extemal forces are vaguely termed as '-far-field stresses". rarely 
quantified. and are just referred to as tectonic effects on the plate margins. 
DeRito et a1. (1983) theorized that they are related to successive cycles of 
intraplate stress application and removal in a temporal range of about 0.1 M a .  These 
intraplate stresses, according to them, were applied to the pre-existing lithospheric 
flexure, which, in turn, was due to the load of older rift-related features beneath the 
basin. 
Similar effects from lithospheric stresses on intracratonic basins are expected by 
Kamer (1 986) and Cloetingh (I 988). 
Bond and Kominz (1991) and Kominz and Bond 11991) broke up the general 
subsidence curve into shorter exponential intervals suggesting cycles of acceleration and 
decelaration of subsidence. They proposed a model in which basin reactivation is a 
consequence of compressive intraplate stresses developed during periods when the 
lithosphere passes over zones of cool mantle downwellings. 
Also commenting on the episodic nature of the subsidence, and intervals with 
higher and lower subsidence rates, many authors have related the initiation of cratonic 
basins to the breakup of supercontinents in the Cambrian and in the Late Jurassic to 
Early Cretaceous (Klein and Hsui. 1987; Klein. 1991 : Hardev and .-lllen. 1994). 
However. many cratonic basins have different times of initiation. 
Loup and Wildi (1994) also suggested stress-induced acceleration and 
decelaration of subsidence having originated in extrinsic causes. They identified coeval 
and contradictory stress regimes (rifling at plate margins and compression in the center). 
the cause of which remains unexplained. 
A similar scenario puzzled Fisher et al. (1988) in the case of the Michigan Basin, 
where a high density of compressional folds was observed in the central part of this 
oval-shaped cratonic basin, while no apparent deformation was detected on the basin's 
margin. Admitting the contradiction, they retained the lateral force as the control on 
subsidence and uplift on the folds. 
The idea that lateral force is involved in episodic subsidence of cratonic basins 
was repeated by Quinlan and Beaumont (1984) and Howell and van der Pluijm (1990) 
in the case of the Michigan Basin and suggested by Daly et al. (1992) for the Congo 
Basin. 
LeFever and Crashell (1991) conducted an extensive mapping of the south- 
central part of the Williston Basin and prepared numerous subsidence curves. They did 
not comment on the general shape of the subsidence curves, but subdivided the 
Paleozoic part of it into four events. Each of them began with a high rate of subsidence, 
and declined to a relatively slow subsidence. The average timespan of these intervals is 
50-90 M.a. and the subsidence events do not coincide with major orogenic events in 
North America. 
Tectonic rejuvenation of older structures was proposed by Gerhard et al. 11 982) 
for the origin of the Williston Basin and by De Brito-Neves et al. (1984) for Brazilian 
basins. 
Gerhard et al. (1 982) suggest that the Williston Basin is a large scale "pull-apan" 
basin formed at the time of Sauk-Tippecanoe sequence boundary, between megascale 
NE-SW trending left-lateral faults zones (Fromberg and ColoradeWyoming fault 
zones). 
3.1.4 Models with convective instabilities 
This type of model tries to overcome the heating problem by replacing it with 
heat withdrawal From the lithosphere by convective downwelling of the asthenosphere 
(descending plume), showing the converse of active rifting (~Micidkron. 1989). The 
model also explains the uplift at the end of subsidence, which occurs when the 
downward pull of the plume vanishes and thermal recovery (heating) of the lithosphere 
occurs. The radial pattern of the subcrustal stresses related to these types of mantle 
downwellings (and upwellings) was emphasized by Liu and Bostrorn (1980). 
3.1.5 Passive models 
Porter et al. (1 982) emphasized the equal importance of the uplift and erosion of 
the arches around the Williston Basin between transgressive-regressive cycles in the 
evolution of the basin to its differential subsidence. Uplift of the marginal elements 
around the Michigan Basin (e.g., Kankakee, Findlay. Algonquin arches) is also 
considered important to its evolution. 
Burke (1976) indicated that the Chad Basin originated in response to peripheral 
uplifts and suggested that this basin is a recent model for the evolution of the Paleozoic 
Michigan Basin. 
3.1.6 Geometric consideration of cratonic basin evolution 
Dallmus (1958: 1964) pointed out that the shape of a cratonic basin on the face 
of the earth is like that of a watch glass with the convex side upward (Figs. 3.I.a, b and 
3.2). He concluded that during the subsidence a basin under this geometric sening 
would result in the generation of compressive forces in the shallow crust. Compression 
would build up in the central region of the basin, between the inflection points (point on 
the basin profile where the profile became less or more convex than the curvature of the 
earth). This approach challenges the general perception based on conventional cross- 
sectioning (i-e., sea-level as horizontal). The model predicts that basin subsidence leads 
to compression, folding, uplifts, reverse movements in the central part of the basin. 
while extension at the flanks ("dynamic rim"). 
Scherer (1973), Sloss and Scherer (1974). Sloss (1987; 1991) pointed out the 
shortcomings of the subsidence curves used in basin evolution models. They indicated 
that the one- or quasi-two-dimensionality of those datasets fails to tackle the problem of 
basins with shifting loci of maximum subsidence (i-e. shifting center of the basin). They 
considered that sedimenrary volumes are integrations of thicknesses and represent the 
amplitude of subsidence throughout a basinal area. Taking an analogy From land 
subsidence over mine workings, they approached the cratonic basin with an inverted. 
bivariate normal probability, or Gaussian surface (Fig. 3.3.a). Using digitized thickness 
maps of the Michigan. Elk Point (Devonian Williston Basin) and Moscow basins, they 
analyzed the subsidence of these basins by monitoring the sediment volume, basin width 
(radius at inflection locus) and slope (dip of base unit at inflection locus), calculated 
From the variables of the bivariate Gaussian fhction (Fig. 3.3.b). They excluded the 
thickness values affected by erosion at the flanks of the basin. No attempt was made to 
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Fig. 3.1 .b Geometry of a subsiding basin. (modified from Dallmus, 1958). 

Fig. 3.3.a Perspective view of a sedimentary basin simulated by the bivariate-normal 
function (SIoss, 1 99 1 ). 
Fig. 3.3.b Modeiing parameters. 
z: basin width;a: basin slope (Sloss and Scherer, 1974). 
include general tilting of the basin unrelated to the subsidence. They concluded that the 
subsidence history of the three basins, especially those of the Elk Point and Moscow 
basins, are very similar, suggesting a global control on their subsidence. 
The shapes of the Williston and Michigan basins were also modeled by Ahern 
and Mrkvicka (1984) and Ahem and Dikeou 11989) using an approach based on flexural 
deformation of elastic plate. They corrected for regional tilt and concluded that in both 
basins the geometric center did not migrate significantly during subsidence. evidenced 
by their circular shape and axial symmetry. 
3.2 Tectonic evolution and structure of cratonic basins 
Apparent similarities of various intracratonic basins on the Earth could give 
valuable insights into the structural evolution and subsidence history of the Williston 
Basin. It is therefore necessary to review some of them briefly. to draw conclusions as to 
the similarities and differences in their structure and evolution. 
3.2.1 North American cratonic basins 
There are four major cratonic basins located on the North American continent: 
the Williston Basin, the Michigan Basin, the Hudson Bay Basin and the Illinois 
Basin. 
3.2.1.1 Williston Basin 
Since the stratigraphic aspect of the Williston Basin was reviewed in Chapter 2, 
here its regional tectonic and internal structural pattern will be addressed. 
The Williston Basin is an elliptical structural depression of approximately 
345,000 km2 (Gerhard et nl.. 1991)(Figs. 3.2 and 3.4.a). The basin is underlain by an 
Archean crustal fragment (Dakota Block) caught up in the terminal collision of the the 
Superior and Wyoming cratons (Baird er al.. 1995; 1996) (Fig. 2-11. Deep seismic 
studies have showen that the crustal thickness beneath the northern part of the basin 
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Fig. 3.4.a Simplified stratigraphy of North American cratonic basins (Quinlan, 1987) 
Fig. 3.4.b Subsidence curves of North American cratonic basins (Hamdani et al,, 1994) 
ranges from 35 to 50 krn and can reach 54 km below the central portion of the basin 
( W n a l  et al., 1984; Kanasewich et ul., 1987; Morel-a-1 'Hussier et al.. 1987) and 
presumed that it could have been even 60 km before the erosion preceding the basin's 
subsidence (Kanasewich et al.. I98 7). 
The fault directions within the basement are not clear. One assumption 
postulates major north-south structural trends in the basin. The major Precambrian 
Tabbemor Fault is postulated to extend from northern Saskatchewan to south of the 
international border and to have been reactivated several times during the Phanerozoic 
(Elliott, 1996). Other presumed structural directions in the basement were interpreted 
based on air and satellite photos. This NW-SENE-SW conjugate set of faults and joints. 
which are well documented in surface (Staufier and GendaviU, 1987) and subsurface 
studies (7Var-r and B u m ,  1984). reflects Sevier-Laramide deformation paths. An 
assumption was made that these directions are "pre-existing" weakness zones in the 
basement which originated in Precambrian times, and were active throughout the 
Phanerozoic (e.g. 73omas. 1974: Brown and Brown. 1987). No plausible proof or 
structural explanation is given for this argument. 
There is considerable debate over many aspects of the evolution of the Williston 
Basin. Fundamental differences among theories are based on disagreements about its 
time of initiation, and the pattern and duration of its subsidence. which has resuited in 
various hypotheses regarding the major controlling factor of the subsidence. The 
Williston Basin is one of the most investigated intracratonic basins of the world. For 
this reason and because the subsidence history of the Williston Basin is more complex 
and longer than that of other North American cratonic basins (Harnduni et al., 1991; 
Naimark and hai l -Zadeh,  1995) (Fig. 3*4.b), the Williston Basin is the testing ground 
for all the types of cratonic basin models detailed above. 
At least 3 km of pre-subsidence uplift and erosion from the Early Cambrian has 
been recorded based on fission-track analysis by Crowley et al. (198.5). Based on 
thickness information the basin was initiated about 495 M.a. ago during the 
Tremadocian (Ordovician) (LeFever et al., I98 76; LeFever and Crashell, 1991). 
Circular symmetry of the basin was emphasized by Ahem and Mrkvicka (1984) and 
Ahem and Ditmars (1 985) as part of their thermal model with a continuous, sigmoidally 
decreasing subsidence pattern. 
Fault reactivation in the underlying rift zone followed by continuous, thermal 
subsidence was invoked to explain the initiation of the basin by KIein and Hsui (1987) 
and Klein (1991). 
A model of continuous subsidence due to gabbro-eclogite phase change was 
applied by Fowler and Nisbet (2985) and the linear trend of the subsidence was 
emphasized. 
Another phase change model was proposed by Hamdani et al. (19941, and 
Naimark and Ismail-Zadeh (1 995). LeFever and Crashell (1 99 1) recognized four 
separate Paleozoic events, starting with higher and followed by lower subsidence rates. 
Similar, episodic subsidence postulated by Bond and Kominz (1 99 I )  and 
Kominz and Bond (1991) was attributed to compressive intraplate phases. 
A theory of shorter intraplate stress fluctuation was invoked to describe the 
continuing subsidence of the basin (DeRito and al.. 1983). 
Gerhard et al. (1982) suggested that the Williston Basin is a large scale "pull- 
apart" basin formed between the Fromberg and Colorado-Wyoming fault zones. 
Porter et al. (1982) contemplated a passive evolution model for the Williston 
Basin implying the uplift and erosion of the arches around the basin. 
3.2.1.2 Michigan Basin 
The oval shaped Michigan Basin occupies an area of 207.000 km' mostly in the 
state of Michigan (Catacosinos et at.. 1991) (Fig.3.2). The basin is underlain by the 
Keweenawan structure, a divergent arm of the Midcontinental Rift System, whose age is 
about 1. I G.a. (Zhu and Brown, 1986; Kiein and Hsui. 1987.- Fisher et at.. 1988). 
Burke and Dewey (1973) proposed the concept of a triple junction in the eastern 
part of Lake Superior, with the Kapuskasing Fault Zone trending northeast as the third 
arm; however, this a m  is located further to the north. The basin is filled with a 4.5-km 
thickness of sediments, which consist predominantly of carbonate rocks and evaporite 
rocks with subordinate shale and sandstones (Fisher et a/.. 1988). The sedimentary till 
ranges in age from Cambrian through Carboniferous and is capped with Jurassic red 
shales. All six cratonic sequences of Sloss (1963) have been recognized (Fig. 3 . 4 . ~ ) .  
The bulk of the subsidence in the Michigan Basin occurred from the middle Ordovician 
through Devonian time; however, the basin existed in embryonic form from the Late 
Cambrian (Fisher and Barran. 1983) and continued to subside in the Mesozoic (Fig. 
3.4. b) . 
The structures observed in the basin are primarily the product of vertical 
movements of basement blocks activated by regional stresses (Fisher and Barrau 198.j; 
Fisher et al. 1988). The majority of the folds are located near the center of the basin; 
whereas no major compressional features are known in the marginal areas. Furthermore, 
anticlines in the basin become tighter at depth (Fisher et a/.. 1988). The horst and 
graben blocks of the Precambrian basement, moving along high-angle normal and 
reverse faults, moved up or down in response to regional stresses, demonstrating that 
these faults have been periodically active since the Precambrian and that structural 
inversion occurred frequently (Fisher and Barretf. 1985). 
Seismic evidence demonstrates that the faults in the Precambrian rocks beneath 
the basin die out upward and, generally with few exceptions, do not extend above the 
Middle Devonian formations fisher and Bauratt, 1985). 
Recently, Prouty (1  986, 1988) demonstrated by Fourier analysis the radial 
pattern of the faults and folds in the basin and suggested shear movements along these 
radial elements (Fig. 3.5.~). 
There is no agreement on the cause and style of subsidence in the case of the 
Michigan Basin. Similar subsidence models have been proposed to describe the 
initiation and evolution of the Michigan and Williston basins. 
Thermal models with single or multiple heating events were suggested by 
several authors (kg.. Sleep et al.. 1980; Nunn and Sleep. 1984; iVmn et al.. 1984; 
Cercone. 1984. iVtcnn 1994: Coaklqv et al., 1 994). 
A rift-reactivation/thermal-subsidence model was invoked by Klein and Hsui 
( 1  987) and Klein (1991). 
Variations on phase-change models were applied for the Michigan Basin by 
Haxby et al. (1976), Middleton (19801, Mareschal and Lee (19831, Ahem and Dikeou 
(1 989). Hamdani (199 I )  and Naimark and Ismail-Zadeh (1 995). 
Laterally transmitted in-plane stresses from the Appalachian orogenies during 
the evolution of the basin were emphasized by Quinlan and Beaumont (1984), Howell 
and van der Pluijm (I 99O), Bond and Kominz (199 I )  and Coakley et al. (i994). 
Subsidence above convective downwelling was implied by Middleton (1 989). 
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Fig. 3.5.a Structure contour map on the Traverse Limestone (Devonian) in the 
Michigan Basin area (Fisher et al, 1988). 
3.2.1.3 Illinois Basin 
The Illinois Basin is an oval-shaped depression that covers approximately 
155,000 krn' (60,000 mi') in parts of Illinois. Indiana and Kentucky (Buschbach and 
Kolata. 1991) (Fig.3.2). 
The basin is surrounded by arches and domes (Kankakee, Wisconsin, 
Mississippi River, Cincinnati, Pascola arches, Nashville and Jessamine domes. Ozark 
Uplift). A sedimentary thickness of 6 km accumulated within the basin during Paleozoic 
time from the Middle Cambrian to the Early Permian (Hedilauf et af. .  1986; Klein. 
1991) (Fig. 3.44). The Illinois Basin was located approximately 300 lun north of the 
margin of the craton during this period (Coifinson el a l .  1988). 
The center of the basin is located above the end of the faiIed arm (Reelfoot Rift 
or Mississippi Embayment) of the Jackson aulacogen (Burke and D e w e ~ ~ ,  1973). where 
the rift breaks into a three-arm rift system (Rough Creek Graben, St. Louis arm and 
Southern Indiana a m ) ,  exhibiting together a rare four-armed rift configuration with 
thinned crust (Braille et aL. 1982, 1986) (Fig. 3.5.6). This complex rift system affected 
the structural evolution of the Illinois Basin and is still an active. seismogenic zone 
(Braille ef al. 1982). Trends of internal faulting and folding in the basin are related to 
these four main rift directions. Major deformations and repeated structural activity 
throughout the evolution of  the basin are detected from the central part of the basin in 
the La Salle anticlinal belt, the Du Quoin monocline, and the Cottage Grove, and Rough 
Creek-Shawneetown fad  t systems (Buschbach and Kolata, 1991). 
Despite the simpler subsidence pattern of the Illinois Basin, it does not lack for 
theories of its evolution (Fig. 3.4.6). 
Usually, thermal models require two heating events to describe the subsidence 
(Sleep et al.. 1960). Some authors consider the second phase the result of the tectonic 
Fig. 3.5.b Structural map of the Precambrian basement in the Illinois Basin area 
(Buschbach and Kolata, 199 1). 
effects of the Appalachian orogeny (@inhn and Beaumont. 1984: Heidlauf' et al.. 
1986: Klein. 1991; Bond and Kominz, 1991). 
Obviously, due to the underlying rifts, models suggesting rift reactivations 
accompanied by thermal subsidence are also applied (Heidlauf et al.. IY86: Klein and 
Hsui. 1987; Klein. 1991). 
Phase-change models for the Illinois Basin were suggested by Middleton (1980) 
and Naimark and Ismail-Zadeh (1 995). 
3.2.1.4 Hudson Bay Basin 
The Hudson Bay Basin is the least explored North American cratonic basin with 
the shortest subsidence history. It is situated in the northern pan of the craton (Fig. 3.2). 
bounded by the Sevem, Transcontinental, Keewatin and Boothia-Bell Arches (Fig. 
3.6.a). It covers some 1.2 million km2, more than half of which is covered by water 
(Sanfb rd. 1 98 7). 
Apparently no rift exists under the basin and probably this is why Leighton 
(1991) considered the Hudson Bay Basin as "problematic". The basin is filled with 
approximately 1800 m of sediments, which range in age from Late Ordovician to Late 
Devonian (Fig. 3. 4. a). 
The basement structure of the Hudson Bay Basin is complex. The main 
structural feature in the basin is the NW-SE trending horst system in the central portion 
(Figs. 3.6.a and 6). The up and down movements on this horst system and other, 
differently oriented structures appeared in a recurrent manner throughout the history of 
the basin (Fig. 3.6.b). 
Fig. 3.6.a Structure on the Precambrian basement, Hudson Bay Basin (Sanford. 1987). 
Fig. 3.6.b Structural cross section across the Hudson Bay Basin (Roksandic, 1987). 
There is some debate about when the Hudson Bay Basin started to subside, since 
the basin acquired its circular identity only during the Middle and Upper Devonian 
(Eul!v, 1989). 
Klein (199 I )  proposed the rift reactivation/thermal contraction model; however, 
the lack of rift beneath the basin makes this model untenable. 
Roksandic (1987) emphasized the importance of the Precambrian structures and 
the tectonic activity of the surrounding regions, while Sanford (1987) underlined the 
significance of the effects of the plate-margin forces on the basin subsidence. 
3.2.2 Selected cratonic basins from other continents 
After reviewing the structure and tectonic history of the four major Nonh 
American cratonic basins, some selected cratonic basins will be briefly discussed below, 
since they are probably less relevant analogs for the Williston Basin. 
3.2.2.1 South American cratonic basins 
There are three major cratonic basins in the South American continent. all of 
them located in Brazil (Fig. 3.7). These are the Amazon Basin. the Paranaiba 
(Marunha@ Basin, and the Parana Basin. Similarly to those on the Nonh American 
continent. the principal evolutionary stages are interpreted by craton-wide 
tec tonosedimentary sequences (Soares et a/. . 1987). These sequences are: a Sequence. 
p Sequence (Ordovician-Silurian), y Sequence (Devonian-early Carboniferous), 6 
Sequence (late Carboniferous-Late Permian), &A Sequence (Middle Triassic-Jurassic), 
E Sequence (Cretaceous-early Tertiary) and C Sequence (Tertiary) (Fig. 3.8). These 
sequences correspond well with the North American cratonic sequences in the 
Paleozoic; however, later they show some differences. 
The elongated Amazon Basin is covered by 7 krn of Paleozoic, Mesozoic and 
Cenozoic sediments, and actually consists of three subbasins (Fig. 3.7). The large, 
Fig. 3.7 South American cratonic basins. 
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circular Solim6es Basin (Upper Amazon), and the smaller Middle and Lower Amazon 
basins are bounded by large structural arches. The SolimGes Basin shows shallow, 
basement involved Jurassic-EarIy Cretaceous reverse faulting, apparently without a 
strike-slip component, in its central part (de Matos and Brown. 1992). 
Stress analysis concluded that the maximum horizontal stresses showed no preferred 
orientation in the Solimdes Basin (Lima et al.. 1997). 
The Paranaiba (IMnranha6) Basin (Fig. 3.7), located close to the Atlantic 
margin in northern Brazil, exhibits a large circular shape and is connected to the 
Amazon Basin in the northwest, It contains 3 km of Paleozoic-Mesozoic sediments. 
The basin is only mildly deformed before the Jurassic. Jurassic intrusives, probably 
related to the opening of the Atlantic, significantly altered the local structure of the 
basin and masked the deformations of any earlier events ('Mesner and Woolridge. 1964). 
The oval shaped Parand Basin is the largest South American cratonic basin 
(Fig. 3.7), filled predominantly with siliciclastic sedimentary and volcanic rocks that 
range in age from Ordovician to Cretaceous, deposited in three subsidence phases 
(Silurian-Devonian, Permian-Carboniferous, late Jurassic-Early Cretaceous) (Zalh  et 
al, 1991). The present basin represents the superposition of three different basins that 
developed in different tectonic regimes. The recent N-S elongated shape of the basin 
and the NW-SE, NE-SW basement fault systems reflect recurrent pulses of the 
subduction on the plate margin during the Late Cretaceous-Tertiary. 
Similarly to the Solimdes Basin, the maximum horizontal stresses show no 
significant trend. Zalan et al. (1991) questioned the existence of a rift below the basin. 
They suggested several variations for a thermal mechanism explaining the basin's 
subsidence (e.g., crustal stretching, elliptical mantle dome) and stressed the importance 
of the older structures. This later opinion was emphasized by De Brito-Neves et al. 
(1 984) for all three Brazilian cratonic basins. 
3.2.2.2 African cratonic basins 
There are four major cratonic basins on the AFrican continent. Three of them, the 
Taoudeni, Iullemmeden and Chad basins. are located in the Saharan region: while the 
Congo Basin is in the equatorial area (Fig. 3.9.a). Six unconforrnity-bounded 
stratigraphic sequences are recognized in the Paleozoic of the west African part of the 
craton (Petters, 1979). These sequences are the Taoudeni Sequence (late Precambrian- 
Ordovician), the TPlim de Sequence (Ordovician-Silurian), the Djado Sequence 
(Devonian-early Carboniferous), the Damergou Sequence (Late Carboniferous-Early 
Cretaceous ), the Azaouuk Sequence (Late Cretaceous-Earl y Tertiary) and the Dosso 
Sequence (Tertiary). These sequences are correlatable in the Paleozoic with the Nonh 
American and Brazilian cratonic sequences; however, later the three cratonic areas 
exhtbit differences (Fig. 3.8). 
The Taoudeni Basin is roughly oval shaped, covers 2 million krn' and 
comprises Upper Proterozoic to Late Devonian sediments 2-4 km thick. covered by a 
thin veneer of Mesozoic and Cenozoic deposits (Fig. 3.9.b). The central and northern 
parts of the basin are characterized by a negative regional gravity anomaly. suggesting 
thickened crust and graben structure (Bronner et al.. 1980). The subsidence is attributed 
to a Late Precambrian orogenic event (Bronner el al.. 1980). 
East of the Taoudeni Basin lies the Iullemrneden Basin (Figs. 3.9.a and b). This 
basin contains 1.5-krn thick Late Jurassic-Tertiary sediments, exhibits a pentagonal 
shape and is surrounded by uplifted terranes (Kogbe. 1991). The Iullemmeden lacks any 
clear Bouguer gravity anomalies and does not appear to overlie any buried rifis 
(Sahogian, 1993; Hartlqv and Allen, 1 994). 
Subsidence took place in two fastslow phases. Generally the cause of the 
subsidence is considered to be thermal; however, in the case of the second subsidence 
phase, uplifi on the surrounding regions is suspected (Sahagian. 1993). 

Further toward the east. the larger Chad Basin (Figs. 3.9.a and b) is also 
encircled by domal structures of hotspot swells (Hartle-v and Allen. 1994). The basin is 
located at the end of the Benue Aulacogen and underlain by deep rift systems. The 
estimated elastic thickness of the lithosphere beneath the basin is 20-25 km (Hartlqr 
and Allen, 1994). The rifting period in the Early Cretaceous is followed by a simple, 
linearly accelerating subsidence, resulting in 4 krn of Late Cretaceous-Recent sediments. 
An increase of the amplitude and frequency of folds in a basinward direction was 
observed in the southwest pan of the basin Mvbovbo et al.. 1986). 
The origin of the basin is attributed to rift-related thermal subsidence (Hartle-v 
and Allen. 1994) or to the emergence of the peripheral uplifrs (Burke. 1976: Sahagian. 
1993). The recent evolution of the Chad Basin can supply an analog for the Paleozoic 
Michigan Basin (Burke, 1976). 
The oval-shaped Congo Basin, covering 1.2 million km2, is the largest cratonic 
basin in Africa, occupying one tenth of the continent. It is surrounded by uplifted areas 
( D d v  er al.. 1992) (Fig. 3.9.a). It contains a 9-km thickness of Late Proterozoic-Recent 
sediments. The basin is located on the stable Archean Congo Craton. one of the cores of 
the African plate. The lithosphere beneath the Congo Basin has an estimated elastic 
thickness in the range of I00 km (Hartley and Allen. 1994) and does not show any rift 
structure. All of the six West African cratonic sequences can be recognized in this area 
(Hartley and Allen. 1994). Based on very limited dataset, high, horst-style NW-SE 
trending blocks bounded by reverse faults (Fig. 3.9.c) are detected in the central pan of 
the basin. There are records of other antic Iinal directions from that area. 
The subsidence pattern of the basin is fairly uniform throughout its history. The 
basin's origin is attributed to rift related crustal stretching and thermal relaxation 
(Lawonce and Makazu, 1988; Daly et a/.. 1992) despite the absence of rifts. Other 
theories evoke uplifts of the surrounding areas (Sahagian, 1993) and a convective 
downwelling "cold spot" below the basin (Hartney and Allen. 1994). The importance of 
orogenic activities on the cratonic margin was also emphasized {Ddv  et al.. 1992). 
3.2.2.3 Eurasian cratonic basins 
There are numerous cratonic basins in the European and Asian continents. Only 
the Paris Basin, the West Siberian Basin and the Sichuan Basin will be discussed, 
representing different structural styles. 
The Paris Basin covers a 110,000 km', roughly circular area in France 
(Perrodon and Zabek. I99 I )  (Fig. 3.10.~). The Triassic-Tertiary sediments reach a 3- 
krn maximum thickness in the central portion of the basin (Fig. 3.20.6)- 
A triple-junction rift system is centered below the basin. and the tectonic 
features show a distinct radial pattem accordingly. During the main subsidence period 
(Jurassic-Cretaceous) the depocenter of the basin shifted only about 60 krn fMegnien 
and Pomerol. 1980). The subsidence of the basin clearly took place in a polyphase 
manner. A thermal model, implying rifting, heating, crustal thinning and subsequent 
cooling was considered by Perrodon and Zabek (1991). A similar model was applied by 
Loup and Wildi (1 994) and the deviation of the subsidence curve from the ideal thermal 
relaxation pattem was considered as short-lived compressive stresses from orogenic 
events. 
The problem of coeval, but contradictory stress regimes in and outside of the 
basin remained unexplained. Megnien and Pomerol (1980), considering a linear 
subsidence pattem, suggested the origin of the Paris Basin was due to lithospheric 
flexure by sedimentary loading. A phase change mechanism was proposed by Marechal 
and Lee (1 983). 
The West Siberian Basin with its 3.5 million km' is the world's largest cratonic 
basin (Peterson and Clarke. 1991) (Fig. 3.11.~). The basin contains 6 krn of Triassic- 
Fig. 3.10 Paris Basin (Perrodon and Zabek, 199 1 ). 
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Recent sediments in its deepest parts. The Moho is generally elevated beneath the basin. 
The basin was formed on a megasuture and the basement consists of accreted Paleozoic 
terrains. 
The structural trend of the underlying rift system is mostly N-S, but other 
directions also exist. The largest structures are in the central part of the basin (Peterson 
and Clarke, 1991). Basin-wide compression accompanied by folding and reverse 
faulting was reported by James (1995) in the post-Jurassic time (Fig. 3.11.6). The fold 
directions and fault trends have no preferred orientation. This fact and the existence of 
the compressive structures in the basin in an extensive megaregional environment 
remain a fbndarnental problem (James. 1995). 
Peterson and Clarke (1991) suggested that the basin was formed due to Triassic 
rifting, which was followed by a Jurassic sagging period with fault reactivation. 
Similarly, a Triassic thermal anomaly was invoked as the primary cause of the 
subsidence by Ziegler (1988). Three phases of higher subsidence rates were observed by 
Aleinikov et al. (1980). 
The Sichuan Basin is located in southwest China on the cratonic South China 
Block (Korsch el al., 1991) (Fig. 3.12.a). The basin contains a 3-km section of Late 
Proterozoic-Recent sediments. The basin is now part of a foreland basin. due to the 
latest Mesozoic-earl y Cenozoic thrusting from the NE (Fig. 3-22. b) . Until the Permian, 
the central part of the basin was a paleohigh (Korsch et al.. IWl). 
The subsidence started 750 M.a. ago and is the result of crustal thinning, thermal 
cooling and loading; however, there is no evidence of rifling events in the basin (Korsch 
et a/.. 1991). The basin subsided clearly in a polyphase manner, with periods of 
alternating faster and slower subsidence, which is attributed to plate tectonic events. 

3.2.2.4 Australian-Antarctic cratonic basins 
From the numerous cratonic basins from the Australian continent, only two. the 
Amadeus, and the Eromonga basins, will be sampled. An important structure in 
Antarctica will be mentioned. 
The central part of Australia is dominated by a series of parallel intracratonic 
basins which are elongated in an east-west direction, and whose history spans in time 
from the Late Proterozoic to the Carboniferous. The largest, Arnadeus Basin, locally 
contains 14-km of sediments (Lindsay and Korsch. 1989) (Figs. 3. 13. a and b). Folding 
occured several times during the evolution of the basin. The dominant structures are 
trending in an E-W direction. 
A thermomechanical subsidence model was proposed by Lambeck (1983), 
suggesting that the basin was formed on the crust buckled by long-lasting horizontal 
compression causing increasing subsidence and sedimentation rates with time. Lindsay 
and Korsch (1989) supplied an alternative three-stage model, which predicts rift-related 
crustal extension and thermal subsidence in the first two stages (900-400 M-a.). and 
complex overthrusting and syntectonic deposition in the third (400-350 M.a.) (foreland 
basin) stage. 
The Eromanga Basin is located in the eastern part of the continent (Fig. 
3.13.a). It has a circular shape and contains a 2.7 krn column of Jurassic~retacrous 
sediments lGaIIagheu and Lambeck, 1989) (Fig. 3.13.~). The basin is underlain in the 
lower crust by dense, high-velocity lenticles (Finlavson et al.. 1989). The basin subsided 
above several non-marine Permo-Triassic basins, and represents the final, platformal 
stage (extensional, forelad, platform) of vertically stacked basins formed behind the 
eastward retreating subduction zone (De Caritat and Braun. 1992). After the Jurassic 
formation of the basin, in the Early Cretaceous, a second, faster subsidence rate is 
observed. 
Models suggest that this pattern is the consequence of the effect of a high global 
sea level on the otherwise thermally subsiding basin (Gallagher. and Lambeck. 1989) or 
a phase-change mechanism (Middleton. 1980). 
The region of the Gamburchev Mountains in Antarctica is postulated to be an 
inverted intracratonic superbasin, which is underlain by a thick crust (Veevers. 1994). 
Similar to its recent configuration, the ice flow pattern in the Permian was radial. 
originating from the central pans, suggesting structural control in these directions. 
3.3 Problems of existing basin-evolution models and lack of a comprehensive 
structural model for the Williston Basin 
3.3.1 Cratonic basins 
One of the most important conclusions of the preceding review is that the 
"simple" cratonic basins have complex histories. Any attempt to put their evolution into 
one category or describe them with one mechanism is misleading. Nevertheless, it is 
worthwhile to summarize the major differences and similarities in their evolution. 
Age oj'the inirial subsidence 
Despite the claim that cratonic basins are related to the break-up of continents 
(e.g., Cambrian and Triassic-Jurassic), cratonic basins were formed at other times before 
and after these periods (Late Proterozoic - Sichuan, Amadeus, Taoudeni, Congo: Late 
Jurassic - Iuflernedden Basin; Late Cretaceous - Chad Basin). Within the North 
American craton. the Hudson Bay Basin started to subside in the Late Ordovician. 
Character of the basement 
Some theories rely heavily on the assumption that cratonic basins are underlain 
by rifts, or rift triple junctions, and attribute the cratonic basin subsidence to rift 
reactivation and thermal effects. Not all basins are underlain by rift zones and even 
fewer by rift triple junctions. For example, there is no evidence of rifts below the 
Congo. Sichuan, Parana and Iullemmeden basins. Even where an earlier rift was 
detected. the last rifting event or orogenic activity was sometimes 1 billion years earlier 
than the cratonic subsidence (Michigan. Williston basins). 
A hndamental problem is how linear rift features produce subcircular basins and 
why other portions of the same rift fail to do so. This could be solved by triple junctions. 
but only a few cratonic basins are underlain by this type of structure (Illinois, Paris 
basins). The age of the underlying basement also varies from basin to basin (Archean- 
Proterozoic: Williston, Michigan, Amadeus, Sichuan basins etc.; Carboniferous- 
Permian: Paris Basin; Permian-Middle Jurassic: West Siberian Basin). 
Position on the craton in time and in space, tectonic environments before and ajier the 
intracratonic basin phase 
Due to the longevity of cratonic basins and the continuous evolution of the 
craton (cratonization-decratonization), different basins can go through different phases 
of evolution. Some basins are situated throughout their history in intracratonic position 
(Williston, Hudson Bay, Congo basins), while others lie closer to the cratonic margins 
(Illinois Basin). 
Many basins became part of a foreland basin as the active plate margin 
approached (decratonization), e.g., Williston, Sichuan and Parana basins. or in the 
opposite way a cratonic basin was stacked on top of foreland basin due to retreating 
subduction (Eromanga Basin). The Amadeus Basin experienced significant compressive 
phases ending up with a rare elongated configuration. 
Eflect of neighboring tectonic regimes, 'Tar-Jdd" stresses 
Some hypotheses invoke the effects of structural activity in the neighboring 
tectonic regimes (e.g., subduction at plate margins) as a source of subsidence. These 
forces are transmitted in the lithosphere laterally, and again it is questionable how they 
could cause oval shaped, sometimes uniaxially subsiding cratonic basins (Williston, 
Michigan). The same "far field" stress effects are suggested also for the episodicity in 
the basin's evolution. 
No apparent coincidence with orogenic events on the neighboring areas was 
found for the Williston Basin in the Paleozoic. Most of the basins exhibit their largest 
amplitude of intrabasinal deformation (folds, hosts) in the basin center. This pattem is 
also contradictory to the notion of laterally applied forces. These far-field stress models 
in cratonic basin environments are many times conjectural, rarely quantified 
convincingly. 
Parallel evolution 
Apparent similarities in sedimentation patterns in cratonic basins in different 
continents (Williston Basin - Moscow Basin) lead to the assumption of a world-wide 
cause of  the evolution of cratonic basins. It became obvious in the case of the African, 
North American and South American continents, that even the unconformity bounded 
sequences are not correlatable after the Paleozoic (Fig. 3.8). suggesting 
individualization of cratonic evolution afier the break-up of Pangea. 
Cratonic basins subside generally in an episodic pattem: however, frequently the 
evolutionary intervals can not be correlated from basin to basin even within the Nonh 
American craton. Consequently, episodicity is in the very nature of cratonic subsidence 
and must therefore be the result of something inherent in the basin and unrelated to 
global effects or tectonic activity in neighboring areas. 
Circular shape of cratonic barins, three-dimensional considerations of'cratonic basin 
evolution 
One of the few pattems which characterizes almost all cratonic basins, at least at 
some point in their history, is their enigmatic circular shape in map view. Very few 
theories address the three-dimensionality of basins of this type and their internal 
deformation patterns. 
This three-dimensionality is more important in basins with proven pre- 
subsidence uplift (Williston Basin), which is virtually uninvestigated. Similarly, the 
active role of the basin margin uplifts as pan of the subsidence process is mostly 
unaddressed and unsolved (observe the contradictory stress states in the Michigan. 
Paris, and West Siberian basins). 
Models applying subsidence curves usually use wells fiom the central part of the 
basin as representative of the basin's evolution. Even if a given theory is extended into 
three dimensions, the models, with few exceptions, are based on ID assumptions fiom 
the basin center. They disregard the temporarily and spatially changing subsidence 
patterns of other parts of the basin and the importance of internal structural features on 
its evolution, which are considered as "noise" in some models. 
Finally, all cratonic basins are analogs in either origin, character. timing, age. 
subsidence pattern, or primary cause. There are no two cratonic basins with the same 
history and parallel evolution. A mixture of the existing models or some new ones could 
properly describe their evolution. In either case, any theory can be substantiated based 
on a dataset which explores the given basin in time and space. Unfortunately. until now. 
even the most investigated North American cratonic basins were lacking this type of 
comprehensive dataset. 
3.3.2 Inconsistencies of recent structural interpretations of the Williston Basin 
3.3.2.1 Southern extent of the Tabbernor Fault 
The N-S trending Tabbemor Fault in Saskatchewan is a Precambrian structural 
feature that was active even in Phanerozoic times. The fault can be clearly traced south 
to the 50th parallel (Fig. 3-14). Some interpretations claim that it continues at least to 
the international border or even south of it, based on satellite data. Interpretations of the 
COCORP lines in North Dakota show indications of the fault. However, there is not any 
Fig. 3.14 Southern extent of the Tabbernor Fault in Saskatchewan 
(adapted from Giroux, 1 995). 
sign of faulting and the location is purely hypothetical based on the projection of the 
fault line to the south. Clearly, the fault in southeasternmost Saskatchewan can not be 
traced. However, there is an apparent structural boundary in southern Saskatchewan, 
trending approximately NW-SE roughly coinciding with the "Midale-Weybum trend. 
This feature continues into the southwestemmost corner of Manitoba and can be 
identified on magnetic maps. In light of the recent discovery of the Archean Dakota 
Block south of this line beneath the Williston Basin, the area of the Basin is assumed 
here to have a separate structural grain or tectonic environment from the areas north of it 
and suggests different kinematic behavior (Fig. 2.1). This regional structural trend is 
probably also related to the bend in the North American Central Plains conductive 
anomaly, the origin of which has not yet been properly addressed. The Tabbemor Fault, 
as suggested here, is terminated by this regional feature or flattens into it. If the 
Tabbernor Fault is offset by this line its continuation to the south can be expected east 
of the Williston Basin. 
3.3.2.2 The problem of the lineament block tectonics interpretations in the Pre- 
Zuni of the Williston Basin, contradicting air and satellite photo interpretations 
One of the earliest lineament interpretations of the Williston Basin area was 
given by Thomas (1 974). In this model, based on photogeologic data, it was suggested 
that the E-W compressive forces of  the Laramide Orogeny acted on vertical NW- 
SENE-SW trending fault bounded basement blocks (Fig. 3.15.a). It was also assumed 
that these structural trends are of early Precambrian origin and the that Paleozoic 
deformation of the basin can also be attributed to them; however. no proof was given for 
this assumption. 
Later, this unproven premise became the prevailing line of thought, and remote 
sensing methods (air and satellite photos) became the leading tools in interpreting 
basement tectonics. The idea was canied on mostly by geoscientists of Cretaceous 
geology, for which system these structural directions are well documented. Later, 
Fig. 3.15 Various lineament interpretations in the Williston Basin area 
([a] Thomas. 1974; [b] Peterson and MacCary, 1987). 


interpretation of Paleozoic structures in the basin also followed this model. even if most 
of the time the observed structural features did not comply with the theory. 
Part of the problem lies in the remote sensing methods and their applicability in 
deep subsurface interpretations. Since the advent of aircraft and cameras, aerial 
information became popular. This trend is enhanced from the 60's onward by vast 
numbers of satellite photos. On these types of datasets, lineament interpretation became 
easier. These lineaments in most cases were readily interpreted as structural directions 
and surface expressions of various subsurface features. Even at the beginning there was 
considerable debate over what these linear features on the remotely sensed data meant 
(photolineament vs. tectonic lineament) (Kupsch and Wild, 1958: 0 Zeary et al.. 1976, 
1978: ANum, 1978). An early warning against claims that surface fracture patterns, as 
seen on aerial photographs in unconsolidated deposits. can reveal subterranean reef- 
biohems (Rirmsey. 19 71) was largely disregarded. 
There are numerous lineament initerpretations in the Williston Basin area are 
mostly inconsistent (Figs. 3.15. a-l). Not only did the interpretations exhibit 
fundamentally different structural directions ("basement weakness zones"). but the 
lineaments with the similar name sometimes ran 20 km away ("Weldon-Brockton 
Lineament" * in Figs. 3-15. c a n d n  or in different directions ("Poplar Lineament Fault 
Zone" ** in Figs. 3.15. c andfl. 
Later interpretations based on "pre-existing" lineament preconceptions led to, 
e.g., the pull-apart basin model. It is difficult to imagine how jostling blocks could 
produce an axisymrnetric, circular basin in the Paleozoic. If this were the case, the area 
would have shown a block-faulted pattern in the Paleozoic, with no specific regional 
depocenter. In this case the Williston Basin would be a minor sub-basin west of the 
Nesson Anticline as the Thomas (1974) map suggests for the Laramide deformation 
(Fig. 3.15.a). 
Unfortunately, even if various data types were applied together. the 
interpreterations were "model-based" and lineament were interpeted, where other 
directions could have been more obvious (Fig. 33.5. d). Model-based interpretations 
frequently contradicted existing maps and forced structural features in order to fit the 
model (e.g. Little Knife Field, Billings Anticline in Fig. 3.IS.f) .  Without disregarding 
entirely the importance of the indirect information about the subsurface deduced From 
air and satellite photos. As O'Leary et al. (1978) stated some lineaments could represent 
some faults. 
It is emphasized here that the problem with most of the lineament interpretations 
are built on the premise that they are "pre-existing" Precambrian weakness zones in the 
basement, reactivated throughout the history of the basin. Some of these 'weakness 
zones" are not found with other, independent methods. 
The origins of these assumed weakness zones are still ambiguous, and no model 
discusses them adequately. Despite these legitimate concerns, photo and satellite 
geology are fundamentally important and aN lines on these data types have some 
meaning, not necessarily basement and structurally related. however. Photo and satellite 
geology is extremely useful in neotectonics, engineering and Quaternary geology and 
can be applied with reliability on the late, Sevier-Laramide deformations. Extreme care 
should be taken when applying these data sources to deeper geology. 
Satellite and photogeologic information should constitute supporting datasets 
and not the main source of interpretation in these problems. For deeper subsurface 
studies, the vast amount of direct geologic data (well logs, structure, isopach maps), 
compiled meticulously by generations of excellent geoscientists From both sides of the 
border should be used. Adding to this huge dataset, information from the third 
dimension is required From regional seismic studies, such as presented in this thesis, to 
put the geological information into a basin-wide tectonic context. Disregarding these 
fhdamental data types can lead to model-dnven interpretation. 
The late L.L. Sloss warned (19911 that the beauty of algorithms of theory-based 
numerical models can give a false impression of credibility that disregards the Frailty 
and inadequacy of the database employed - prophetic words that should be taken 
seriously. This opinion was reiterated by Bally (19821, who cautioned that our ability to 
invent models is moving much faster that the capacity of geologists and geophysicists to 
aquire the critical highquality information to unambiguously support these models. 
Sloss (1991) suggested that any conjectural models should be supported by the most up- 
to-date stratigraphic synthesis in order to test their real-life validity. 
These words are taken as the guidelines of this thesis. which is an attempt to 
conduct not a "model-driven", but an observation-based theory about the evolution of 
the Williston Basin. The unique new dataset of the thousands of kilometers of regional 
seismic lines of this thesis gives qualitatively and quantitatively new basic information 
about the internal stratigraphy and structure of the Williston Basin. This new 
information, together with the vast amount of public domain regional and local scale 
data. should be a reliable starting point for any future model. 
3.4 Outstanding issues, problems to solve 
The most importam unresolved issues are the three-dimensionality of the basin's 
structure, the directions associated with intrabasinal features. and their evolution 
throughout the history of the basin. Regional seismic profiles can shed light on the 
actual structural characters of the tectonic features (strike, dip directions), adding an 
extra dimension to the well-based interpretations. Based on the new dataset, 
contributions are expected to be made in three areas: 
Pre-Zuni structure of the basin 
The lineament theory for the pre-Zuni history of the basin is considered inadequate. 
Model-independent interpretation of basement structural trends is fbndamentally 
important. 
The pre-Zuni stratigraphy of the basin is well established, and fundamental new 
results in this basin-scale study cannot be expected. Due to the platform type of 
sedimentation in this period, the litho- and sequence stratigraphic boundaries are 
identical in regional scale. 
Zuni stratigraphy of the basin 
Contrary to those for pre-Zuni times, the Zuni structural interpretations of the basin 
are reliable, and models tracing the effects of the Sevier and Lararnide orogenies in 
the study area are applicable. 
It is the stratigraphy of Zuni times which requires a more regional interpretation. 
Principles of sequence stratigraphy are fundamental to setting the spatial and 
temporal framework of the basin during this period. 
Zhu's (1992) subdivision of the Zuni sequence in the northern part of the basin will 
be extended to other parts of the basin. Renaming of the subdivisions is necessary, 
since, unfortunately, existing lithostratigraphic names were given for sequence 
stratigraphic units, which can cause confusion. 
New basin evolution model 
Based on the structural and stratigraphic interpretation of the new dataset, a new 
basin-evolution model will be presented, one that is in harmony with the existing 
and new datasets. 
CHAPTER 4 
SEISMIC DATA 
This rhesis is based primarily on seismic data. Four additional regional lines 
were added to Zhu's (1992) east-west section (Fig. 4.1). Two of the new regional lines. 
WE II and WE III trend east-west, and two others, NS I and NS II are directed north- 
south. An additional line segment, CA I is a part of the Canadian data but its southern 
extension in the U.S. is identical with NS I. Wireline information from 49 wells along 
these lines was incorporated in the essential geophysical data to combine the geologic 
information with the seismic results through synthetic seismograms. The processing 
steps of these two data types will be discussed separately. Since this investigation is 
essentially a basin analysis study, the theoretical aspects of seismic data processing steps 
will not be addressed in great detail. Elaborate definitions are supplied by excellent 
books on this topic (e.g.. Yilrnaz. 1 98 7; Teel/brd el a!. . 1990: SheuqJ 199 11. Synthesis of 
the data and interpretation will be conducted in Chapter 6.  
4.1 Seismic profiles 
The seismic data were obtained by various means. The sedimentary portions of 
the COCORP Montana and Nonh Dakota datasets were donated by Cornell University. 
Other data were contributed by petroleum companies or data brokerage firms. -411 
seismic data were reprocessed from field tapes in order to achieve comparable regional 
seismic images required for basin analysis. 

4.1.1 Acquisition parameters 
All together 40 seismic profiles were reprocessed (Fig. 4.1; Table 4.1). The 
whole dataset covers -1900 line km, which. with gaps represents a total subsurface 
coverage of -2300 km. The lengths of the longest gaps are: 103 km on WE II. 52 km on 
WE III and 62 km on NS E. Efforts were made to minimize the gaps; however, lack of 
available data made 100% coverage impossible. This minor deficiency did not hamper 
the basin analysis. Contrary to Zhu's (1992) study, where the regional profile was 
compiled from many short survey line segments, the individual profiles in this study are 
quite long and only 7 out of 40 are shorter than 20 km. This more extensive coverage 
made interconnection of regional lines a less cumbersome process. Digitally. these 40 
lines represent 9,795 shot gathers and over 1.2 million seismic traces. This vast 
amount of data had to be subjected to a good number of processings steps, requiring 
extended computer time and disk space. 
The quality of the field data ranges from good to excellent. Complete listings of 
acquisition parameters are given in Table 4.I. Most of the data were acquired in the 80s 
and late 70s with state-of-the-art instrumentation and field techniques of the time. 
Station intervals vary from 25 m to 134 rn. Low number of channels per spread 
(20, 24) were used on three lines from the 709s, but the majority of the surveys utilized 
48 channels. Higher numbers of channels (94, 120, 240, 355. 400) were used 
occasionally, especially by the COCORP crustal project. 
Depending on the number of channels and shot spacing, data coverages of 
varying fold was achieved. With the exception of the lowest (4) and the highest (100) 
nominal folds, the survey multiplicity ranged From 6 to 48. 
Both explosive and vibrator energy sources were used in the lines. Explosive 
sources were used in 23 out of 40 lines but the VibroseisTM data cover a longer distance. 
Sample rate (ms) 
Rec length (s) 
Instrument type 
Source (DyaNib) 
Fold 
Channels 
Shot int. (m) 
Station int. (m) 
Date shot 
State 1 Province 
Towns hipRange 
Length (km) 
Company 
Original line # 
Line code 
Regional Line 
Line # 
Instrument type 
Shot int. (m) 
Station iat. (m) 
V 
E Date shot 
0 
Company 
Original Line # 
Line code 
Regional line 
Line # 
Record lengths depend on the purpose of the aquisition. The COCORP crustal 
seismic lines have total record lengths of 16 and 20 seconds: however, only the 
uppermost, sedimentary portions were considered for this study. The hydrocarbon- 
exploration field information had 3,4, 5, and occasionally 5.5 second recording lengths. 
The sampling rate of the records is 4 ms for the COCORP and for two other 
profiles, while the rest of the data were recorded with at 2 ms digitization steps. 
4.1.2 Seismic data processing 
The primary goal of the processing is to assemble seismic section with the 
clearest possible signal images. To achieve the highest comparability between 
individual sections of a regional line, processing steps were kept as similar as possible 
with data of  different vintages and acquisition parameters. 
All of the profiles were processed by execution of routines of the INSIGHT 
seismic processing system, a product of Landmarkflnverse Theory and Application 
(ITA) Inc. 
The processing steps can be subdivided into four main groups: Preprocessing (Edit 
procedures); Parameter selection tests / prestack processing; Poststack processing, 
and Special applications (Fig. 4.2). The first three groups constitute a standard 
processing operation, while the fourth involves special steps required because of the 
regional line construction and basin analysis. 
4.1.2.1 Preprocessing (Edit procedures) 
All of the profiles were reprocessed from demultiplexed field data. Field data 
were received on magnetic medium either in SEG-B or in SEG-Y format. 
For processing the field information was reformatted into ITA format. 
Field tapes 
Re formatting 
fibroseis correlation c= sweep * 
Resampling * 
Geometry = Observer notes, survey file 
Gain recovery/adj ust 
Energy equalization 
Editing (bad trace killing) 
First break picking, field statics calculation 
Muting 
Field statics (datum. refraction/uphole time statics) 
Spectral analysis, autocorrelation 
Deconvolution (zero phasing*, spiking, predictive) 
Bandpass filtering 
Velocity analysis 
Sorting into CDPs 
Normal rnoveout correction, mute c= velocity file 
Residual static corrections 
Stacking 
Gain recovery 
Bandpass filtering 
Deconvolution 
Migration (time, depth) 
Data alignment (reflection dejaggling/Jattening4) 
Horizontal stacking 
Data merging 
Energy balancing 
Earth-czm~ature corrections* 
Note: * step not required on all data 
Fig. 4.2 Generalized processing sequence of seismic data. 
Some VibroseisM data were uncorrelated; consequently VibroseisTM cross- 
correlation of the data with the input sweep trace was performed on them. A raw, 
unprocessed record is shown in Fig. 4.3. 
Since some of the data were acquired with a 2 ms, others with a 4 ms sampling 
rate, pan of the data had to be resarnpled. The 4 millisecond sample rate was chosen to 
save computation time and disk space. 
Most of the field observer notes and survey files were on paper copy, 
consequently all of these data had to be entered manually. Proper geometric and 
acquisition information was put into individual trace headers. 
The next step was the gain recovery/adjust (AGC = Automatic Gain Control) 
and energy equalization. This process was necessary to eliminate or at least minimize 
the amplitude loss due to signal attenuation (e-g., spherical divergence,). An example of 
a raw data record with only AGC applied is shown in Fig. 4.4. This representative 
record exhibits bad traces. low-velocity ground roll, static busts. multiples, etc. Removal 
of these unwanted characteristics is essential to achieving a geologically meaningful 
seismic profile. Subsequent processing steps attempt to achieve this goal by maximizing 
the positive effects of the individual processing steps. 
Bad traces (noisy traces, monofrequency signals. polarity reversals) had to be 
killed or corrected in order to avoid a decrease in the final data quality. First breaks were 
picked on the datasets to catculate the structure and velocity of the layers above a 
chosen datum. 
After this. the first-break parts of the records had to be muted (excluded from the 
stack), because they interfered with shallow arrivals. 
Fig. 4.3 A raw shot gather. 
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Fig. 4.4 A raw shot gather with AGC 
(same shot as Fig. 4.3). 
Subsequently, field static corrections (datum. refraction/uphole time statics) 
were applied to the data. The choice of refraction versus up-hole-time statics depends on 
the data type (dynamite or Vibroseism) and on which method provides better results. 
The magnitude of these corrections is based on the chosen datum and the values 
calculated from first-break information or supplied by the up-hole time measurement. 
The corrections were necessary to compensate for the effects of variations in elevation. 
weathering thickness and weathering velocity above the datum level. 
4.1.2.2 Parameter selection tests I prestack processing 
Afier the preprocessing steps, spectral analysis was performed (frequency, 
phase) and autocorrelation functions were calculated. Explosive records with minimum- 
phase signal characteristics had to be converted to zero-phase records to be compatible 
with the zero-phase Vibroseism measurements. 
Two deconvolution steps were performed, one to improve the temporal 
resolution of the seismic data (spiking deconvoiution) the other to eliminate multiple 
reflections (predictive deconvolution). Prediction parameters were determined from the 
autocorrelation functions calculated earlier. Frequency filtering operations were 
designed to attenuate undesirable high and low Frequencies (e.g., ground roll). An 
attempt was made to keep the frequency bands on different lines as close as possible. An 
example of the effectiveness of the above signal enhancement steps is given in Fig. AS. 
After the deconvolution/fiequency filtering, velocity analysis was performed. 
The semblance method was used during the processing. Preferably the velocity analysis 
is performed on common-depth-point (CDP) sorted data; however, low fold coverage in 
some areas led to uncertain results. To counterbalance this problem, velocity values 
were computed utilizing both shotgathers and CDP data and computations were carried 
out in increased distance intervals. Given the rather unchanging character of the local 
stratigraphy, low dips, and almost horizontal strata, this approach did not hamper the 
quality of the final sections. 
Fig. 4.5 A shot gather after initial processing [deconvolution, frequency filtering, mute] 
(same shot as Fig. 4.3). 
Following the velocity-depth determinations, normal moveout (NMO) 
corrections were performed, applying the velocity functions determined during the 
velocity analysis. Parallel with this process, additional muting was performed to exclude 
the distorted, low-velocity part of the traces due to the "NMO-stretch". 
Prior to stacking, a residual statics calculation was performed on the CDP 
gathers, and corrections were made to maximize the stack energy. 
After this stacking was performed, leading to the seismic cross section (Fig. 
4.6). Stacking is also a tool for suppressing multiple reflection and increasing signal-to- 
noise ratio. It also involves filtering suppression of higher frequencies because of 
occasional timing errors or wavelet shape differences among the elements being 
stacked. In order to minize these errors, the processing steps from velocity analysis to 
stacking were repeated until the best stacked section was achieved. 
4.1.2.3 Poststack processing 
Some additional fine tuning was required on the stacked sections. to improve the 
quality of the seismic profiles. 
AGC was applied again to enhance the deeper reflections. 
Bandpass filtering was performed additionally to cut the low frequencies. 
Wave-shaping deconvolution was implemented to further enhance the temporal 
resolution and the signal-to-noise ratio and balance waveforms throughout the section. 
These steps were performed iteratively until the best result was achieved (Fig. 4.7). 
Migration represents the final steps in the conventional data processing 
sequence. Both time and depth migrations were applied on the data. Time migration did 
Time (s) 
Time (s) 
9 9 
not produce dramatically different results. due to the virtually horizontal layering in the 
study area. Depth migration, needed for special regional considerations. was performed 
in the frequency-space domain. However the velocity estimation required for migration. 
based on seismic and other data, is always limited in accuracy: therefore, depth 
conversion is not completely accurate flilmaz, 1997). Keeping in mind the purpose of 
the study (i.e., basin analysis), the resulting lines were satisfactory for helping in the 
regional scale interpretation. 
4.1.2.4 Special applications 
The following supplementary processing steps were done to achieve 
comprehensive, comparable regional seismic lines. Different data alignment procedures 
were carried out. 
One type of aligning technique is minimizing the occasionally still present short- 
wavelength bursts (dejaggling), and enhancing the larger-scale structures. 
Another type of aligning is essentially datuming (flattening) to a chosen horizon. 
This horizon is the Cretaceous Greenhorn Shale (Second White Speckled Shale. in 
Canada), because this layer is practically the only formation present in the whole area 
with excellent reflection characteristics. This step was necessary to compare the results 
of this study with Zhu's (1992) regional seismic line, which was flattened to this 
reflector. 
It was necessary to execute various amounts of decimation on the individual 
lines. since the station spacing was different in each line. This process was achieved 
through "horizontal stacking". This step improved the reflections, but obviously reduced 
the lateral resolution. This later degradation did not hamper the regional scale 
interpretation. 
After the trace intervals in each line were uniform, the individual lines were 
merged into regional cross sections. Acquisition gaps had to be padded out with the 
proper nurnbersof empty traces. 
On the compiled regional lines, energy balancing had to be performed to achieve 
a uniform energy level and comparable, continuous reflections. These steps were done 
on both time and depth sections. On the datum-flattened regional sections. the Zuni- 
Tejas seismic/sequence stratigraphy can be interpreted more easily than on the 
unflattened sections. These sections can be found in the Appendix (Figs. A.2-6) 
One additional, special step needed for the depth sections was correcting for the 
Earth's curvature. This is required in regional cross sections, to achieve realistic spatial 
relationships of the megascale structures (i.e., basin). Detailed analysis and discussion 
of this topic is found in Chapter 7. The Earth-curvature corrected regional cross 
sections are attached to this thesis and can be found in the back pocket of this 
manuscript (Attachment 1-5). 
4.2 Synthetic seismograms 
Synthetic seismograms are the links between the well-based geological 
subsurface information and the seismic profiles. The connecting constituent is the 
continuous velocity inforrnation of the sonic-log curves, which couples the depth values 
of geological interfaces to arrival times of seismic reflections representing them. The 
hndamental pieces of information required to create comparable synthetic seismograms 
are sonic velocity (VI, geological picks (x) and, preferably, jonnaiion d e n s i ~  (p) values. 
The product of velocity and density at depth i is the acoustic impedance: 
(Eq. 4.1 ) 
The reflection coefficient for normal incidence on an interface separating two 
intervals with different acoustic impedance values (Zi+/, 4)  is: 
(Eq. 4.2) 
The magnitude of the reflection coefficient is the manifestation of differences in 
the physical properties of the formations below and above the interface. In case of a lack 
of density information, the velocity data usually gives satisfactorily good results, since 
the effect of density is minor in many cases. Calculation of reflection coefficients for the 
entire well results in the reflectivity series. The generation of synthetic seismograms is, 
in fact, a mathematical convolution of a wavelet with the reflectivity series. For the best 
match, the wavelet used for convolution was always extracted from the seismic traces 
recorded closest to the well in question. 
Synthetic seismograms were generated from 48 wells relatively evenly 
distributed along the regional seismic sections. An attempt was made to compile the 
deepest wells, closest to the lines, to maximize the information extracted from them 
(Table 4.2). Fortunately, From most of the wells (37) both sonic and density logs were 
available. The SynView module of the GeoQuest IES software was adopted to generate 
the synthetic seismograms. All the final results were compiled in the Appendix (Figs. 
A.7-54). The compilations contain the velocity. density (if available). calculated 
reflection coefficient series, the extracted wavelet, 5 synthetic traces and 5 traces from 
the nearest seismic line for comparison, as well as the depth picks of the major 
stratigraphic horizons. Only the primary reflections were included in the synthetic panel. 
Most of the stratigraphic information (formation picks) are courtesy of Thomas 
Heck (North Dakota Geological Survey) and James Halvorson (Montana Department of 
Natural Resources and Conservation). Stratigraphic picks are displayed in Table A. I in 
the Appendix in both SI and imperial scales. This table also contains sequence- and 
lithostratigraphic subdivisions and abbreviations of the names of lithostratigraphic units 
used throughout the thesis. 
Formation at 
TD 
Oil field 
Well name 
Operator 
- 
9 
County 
Section 
Range 
Township 
API # 
Well # 
Table 4.2 W cll data (continued). 
25 33-075-009 10 158N 8 1 W 36 SII,SW ND Rcnviltc Apuclic C'orp. 
26 33-069-00043 158N 72W 1 NE,SE ND Picrcc Chapman Expl. 
27 26N 48E 29 SW,SW,NE MT McConc Callaway, W.O. 
28 25N 54E 35 NW,NE,SW MT Ricliland McAlcslcr Fuel 
29 33-053-0107 1 15 1N 99W 33 NE,NE,N:! ND McKcnzic TcxacolMissouri 
30 33-053-02224 1 SON 96W 25 NW,NE,SE ND McKcnzic Sun Expl./Oryx 
31 33-061-002 18 15 IN 89W 24 NE,SE ND Mountrail Bass Entcrpiscs 
32  33-049-00 127 15 1 N 80W 22 NE,NE ND Mcl-Icnry Arco Expl, Co. 
331800610W200 610W2 18 6 SK Shell Can. 
C 
h) 34 33-023-002 10 163N 10 1 W 16 SE,SE ND Divide Conoco Inc. 
- 35 33- 105-00853 158N lOOW 2 SE,NW ND Williarils Dcpco Inc. 
36 33- 105-00768 155N lOOW 5 SW,SW ND Willianis Lamar Hun! Flb 
37 33-053-01 220 148N 10 1 W 10 NE,NW ND McKcnzic tiunt/Brosclmt 
38 33-007-00590 142N 100W 23 NW,SW ND Billings W,tl.Hunt Tnlst 
39 33-007-00054 139N 10 1 W 10 SW,NE ND Hillings A r ~ m i d a  Pct.Co. 
40 33-087-0001 1 136N 10 1 W 23 NW,NE,SW ND Slope I-1.L. Hunt 
41 33-0 1 1-00382 13 1N 1 OOW 6 N1,NW ND Bowliliin Placid Oil Co. 
42 2400203W200 2 3W2 24 13 SK Shcll Can. 
43 33-013-00869 162N 89W X SW,SW ND I3urkc MonsantolRt-IP 
44 33-061-00282 156N 92W 1 NW,SW ND Mou~itri~il Gulf Oil 
45 33-025-00274 144N 92W 16 NW,SE ND D U I ~ I ~  Cictty/Tcxilco 
46 33-089-00246 138N 92W 2 1 NW,NIJ ND Sti1t.k CiuIf/l3qui1al~Ic 
47 33-041-00015 133N 93W 26 SH,SW ND f icttingcr Amoco Prod. C'o, 
48 33-00 1-00006 l30N 9 1 W 7 S W,NII ND Adiwis Iincrgclics,lnc. 
82 33-023-00280 I64N I02 W 33 NI) Divide 
Watnc 36- I Wildciit 
Sclvig 1 Wildciit 
E. C. Castcrliac I Wildoiit 
N. P. Vaira B-2 Spring Lakc 
Torslcnson 1 Wildcat 
D c l ~ i ~ c r  Rink I Wildcat 
Robcrt V. Andcs 4 1 - 1 Wildcat 
Wuridcrl ich 1 Wildcat 
Midalc A Midalc 
~ r a t c  1 6- 1 Wildcat 
Smith 33-2 Wildcat 
Shaidc 1 Wildcat 
Lnrson 1 Wildcat 
A111lil Osndchuk B 1 Trcc TOP 
Frybury U n i ~  8 Scoria 
NPRR "A" 3 Wildctit 
C'or~icll 6-2 W ildoi~t 
South Oxbow 
Mclby I Wildcat 
Junln 1 - l - ID  Wildci~ t 
I lallidi~y I 6-6 Wildcat 
Lcviarliatl 1-2 1 - 113 Wildcat 
C 'h i i r l~~  Rokusuk I Wildcat 
Soclbcrg 23-7 Wildcat 
Angcdal 33-3 
DMS 
PC 
OBR 
COD 
COD 
COD 
PC 
PC 
PC 
COD 
OWB 
COD 
COD 
PC 
PC 
(IBR 
COD 
PC 
COD 
COD 
COD 
PC' 
PC 
PC 
COD 
CHAPTER 5 
THEORY AND METHOD OF SEISlMIC INTERPRETATION 
This chapter addresses the fundamentals of the interpretation processes of the 
seismic method. This rather vast subject will be discussed at a depth required by 
regional scale, i.e., basin analysis studies. 
5. f Nature and characteristics of seismic reflections and resolution of seismic 
method 
The most basic question of seismic interpretation: is what do seismic reflections 
represent geologically. Seismic reflection occurs when some of the energy in a wave 
coming fiom a seismic source is bounced back or reflected fiom an acoustic-impedance 
contrast. Acoustic impedance, as discussed in Section 4.2, is the product of seismic 
velocity and formation density. Different lithologies have different seismic velocities 
and densities. Geological formations can therefore be characterized by representative 
acoustic impedance values. Acoustic impedance can vary significantly for the same rock 
type because of fluid content, porosity variations, Fractures, etc. Nevertheless, seismic 
reflections emanate fiom surfaces separating rocks with different physical properties. 
The larger the difference in physical properties of these rocks, the larger the amplitude 
of the seismic reflections recorded from the reflecting surface. From this, it would be 
natural to expect that reflections are generated fiom lithological boundaries. Another, 
equally fundamental requirement is that the surface of sharp impedance contrast must be 
laterally continuous to be resolved by the seismic wave and the interpreter (Cross and 
Lessenger, 2 988). 
Many times, however, lithological boundaries do not appear in a laterally 
continuous manner; consequently, no coherent reflection can be detected fi-om them. 
Such considerations are tied up with the horizontal resolution of the seismic method. 
The seismic analog of the Fresnel zone in optics can be used to determine the 
limit of horizontal resolution (Fig. 5.l.a). As a waveform reaches a reflecting 
interface, part of it will be reflected. As Fig. 5.I.a shows, the region, called the first 
Fresnel zone, is a 114 wavelength behind the wavefront, tangent to the reflector. 
The major contribution to the reflected signal comes primarily (not completely) 
From this zone. Energy fiom the periphery of the first Fresnel zone will reach the 
detector at the source location a 112 wavelength later than the first reflected energy, 
allowing for two-way time. All the energy reflected fiom the first Fresnel zone will 
amve within a third of a wavelength; therefore, will interfere constructively. The radius 
of the first Fresnel zone is 
(Eq.  5.1) 
where, ho is the depth of the reflector, i is the arrival time. v is the average velocity, 1 is 
the dominant wavelength and f is the dominant frequency (Shenfland Gefdarf. 1982). 
Obviously, for higher Frequency, shorter wavelength, or decreasing depth, the 
Fresnel zone will be smaller, and consequently the lateral resolution will be better (Fig. 
5.1.~). Accordingly, impedance contrasts over diffuse boundaries or surfaces shorter 
than the Fresnel zone generate either weak or no reflection (Neidell. 1977). Coherent, 
continuous reflection, is therefore a result of a geological process affecting a larger area, 
a process involved changes in sedimentation patterns. 
Changes in sedimentation patterns are manifested in bedding surfaces or 
unconformities, which are expressions of erosion and/or non-deposition, with 

chronostratigraphic significance. In many depositional settings, where there is little or 
no topographic relief (e.g., craronic platform basins), the beds are essentially horizontal 
and continuous. In these cases sedimentary facies and lithological boundaries 
correspond with bedding surfaces; therefore, impedance contrasts from bedding surfaces 
coincide with lithological boundaries. 
In depositional settings with topographic relief (shelf margin, reef margin. etc .) 
sedimentary facies and lithologies transgress bedding surfaceslunconformities (i-e. are 
''time transgressive") (Fig.5.2.a). In these circumstances, lithological boundaries are 
diffuse, and consequently do not exhibit a continuous reflection pattern. On the 
contrary, due to their lateral continuity, bedding surfaces/unconforrnities are reflecting 
surfaces (Fig. S- tb ) .  Thus reflections are "time lines" flail er of.. 19776) and represent 
unconformities or isochronous surfaces (Sherg 1980). Reflection amplitude, however. 
can vary along a continuous reflection due to the different acoustic impedance contrasts 
(Fig* 5. 2. b) . 
Recently, some authors emphasized that, in special circumstances or in the case 
of improved seismic resolution with higher frequencies, lithological boundaries could 
produce coherent seismic reflections (Badlqv. 1985: Tipper, 1993). This can occur also 
if a series of discontinuous lithologic units. thin in comparision to the seismic 
wavelength, create continuous reflections (nome ,  1992). Here, therefore the vertical 
resolution of the seismic method should be addressed. 
Vertical resolution involves the ability to identify individual reflections from 
the top and bottom of a thin bed. The principle of vertical resolution is quite complex; 
however, generally, the resolution is about 1/8 to 114 of a wavelength (Fig. 5.I.b) 
(Videss, 19 73). "Resolution" should be differentiated From "detection", which is the 
recording of a composite reflection without considering that the composite wavelet can 
be resolved into two or more wavelets: in this way an event that is detectable is not 
necessarily resolvable (Kollweit and Wood 1982). (E.g., the Bakken Formation in the 
ZERO-PHASE . 
WAVELET / 
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Fig. 5.2 Time-transgressive lithologic boundaries and temporal significance of 
seismic reflections (from Cross and Lessenger, 1988). 
126 
Williston Basin is easily detectable, but its upper and lower limits are not easily 
resolvable). 
Migration can improve the horizontal resolution dramatically. Post-migration 
Fresnel diameter is more like U4 than 1/2 and applies only if the trace spacing is no 
more than hi2 at the highest frequency of importance (Lindsey, 1989). Under ideal 
conditions after migration, horizontal and vertical resolution are comparable. 
Considering the limits of resolution of the seismic method and the purpose of 
this study, it can be concluded that given the scale of interest (regional, basin scale), the 
limitation of the methods does not hamper the interpretation. The premise that 
reflections represent time lines (bedding surfaces/unconformities) holds true on this 
scale of interpretation. Seismic profiles therefore supply the temporal Framework of 
deposition in a given area, which is the fundamental information of basin studies. 
5.2 Seismic stratigraphy 
The basic premise of seismic stratigraphy is that reflection relationships (e.g., 
reflection terminations) can be used to deduce chronology, whereas reflector 
configuration and attributes can be used to infer lithology and depositional settings 
(seismic facies analysis). 
5.2.1 Reflection terminations 
The first and most important step in seismic stratigraphic interpretation is to 
determine the temporal relationships between the reflections by recognizing reflection 
termination patterns. 
A reflection termination against another reflection on seismic sections is 
indicated conventionally with an arrow (Fig. 5.3). A set of seismic stratigraphic terms 
has been widely adopted to describe reflector relationships (Mirchurn et a/., 1977a:b). 
Two basic types of reflection termination can be differentiated: Iapout and truncation. 
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Fig. 5.3 Stratal termination patterns Wail, 199 1 ). 
17 
16 
uy: 1 - vl I: - ' 1 5 4  u3 
U 14 E::i a 1 3  2 0 
F ;; 1'2 3 0 , I 1  (0 
- i 10 
9 - 1 9  
8 ! 8 
Fig. 5.4 (a) Identification of seismic stratigraphic surfaces and units; (b) deduced 
chronologic information (Emery and Myers, 1996) 
Lapout is the lateral termination of a reflection. Based on their position within a 
seismic stratigraphic unit (i-e., "sequence", defined later), reflection lapouts can be 
baselap (lower boundary) and toplap (upper boundary) (Fig. 5.3). An initially 
subhorizontal reflection lapping out against a reflection with a greater inclination is 
called onlap, while an inclined reflection lapping out against a subhorizontal reflection 
is termed as downlap. Later structural complications (e-g., postdepositional tilting) may 
make it difficult to differentiate between these two types of baselaps (Bodlqv. 1985: 
Thome. 1992). 
Two types of onlap (marine, coastal) can be recognized according to the 
depositional environment they represent. Toplap configuration appears at the upper 
boundary of a seismic stratigraphic unit (sequence) (Fig.5.3). Generally. toplap is 
caused by non-deposition, and each reflection of the toplapping succession pinches out 
in a landward direction (Hardage. 1987). 
Truncation is a lateral reflection termination caused by erosion. which appears 
at the upper boundary of a seismic stratigraphic unit (Fig. 5.3). Sometimes truncation 
can resemble toplap due to limited vertical resolution (Badky. 1985: Thorne. 1992). 
Limited resolution can exhibit apparent truncations. These can appear when the 
reflection terminations represent distal, seaward depositional limits (or thinning below 
seismic resolution). Apparent truncation also occurs when the inclined reflectors 
become horizontal and thin landward and exhibit as a single, apparent upper boundary 
("pseudo-toplap") (StaJeu and Schlager, 1993). 
5.2.2 Seismic surfaces 
Seismic reflection termination is due to the termination of the bedding 
plane/unconformity, or the thinning of the bedding to below the seismic resolution. A 
seismic surface therefore represents a facies change from sedimentation to non- 
sedimentation or erosion (Emery and Myers, 1996). Seismic surfaces are identified by 
connecting consecutive reflection terminations (Fig. 5.4.a). These seismic surfaces 
represent unconformities or fault planes. 
5.2.3 Seismic packages and sequences 
Seismic surfaces bound seismic packages (Roman numerals in Fig. 5.4). which 
are the building blocks of seismic stratigraphy. Genetically related seismic packages 
represent a seismic sequence. The seismic sequence is the fbndarnental unit of seismic 
stratigraphy. Seismic sequences are bounded by seismic surfaces representing 
unconformities (UI, Ur, Uj in Fig. 5.4) or bedding planes. 
5.2.4 Definition of temporal framework 
Seismic sequences. due to their chronological significance, can be transferred 
into chronostratigraphic charts to deduct spatial and temporal information required to 
analyze the evolution of a given area (Fig. 5.4.b). Other types of information can be 
added to these charts, e.g., well data. Biostratigraphic information can help to put a 
more exact temporal constraint on sequence boundaries. 
5.2.5 Seismic facies analysis 
Analysis of external and internal reflection characteristics (seismic facies 
analysis) of seismic packages can help to interpret geological depositional environments 
and facies (Fig. 5.5). By combining the analysis of stratal relationships with the 
attributes of individual reflection, it  is ofien possible to build up a detailed picture of the 
subsurface geology. The following several seismic-reflection parameten can be used to 
identify depositional environments (Milchum ez al.. 19776): 
Seismic reflection configuration (Fig. 5.5.a) can help to identify geologic bedding, 
depositional processes, erosional surfaces, paleotopography, and sedimentary 
environment. 
Seismic reflection continuity shows bedding continuity and depositional processes. 
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Seismic reflection amplitude reveals velocity-density contrast, fluid content. and bed 
spactng. 
Seismic reflection frequency shows bed thickness and fluid content. 
Interval velocity is a function of lithology, porosity and fluid content. 
External form and spatial association of seismic facies units shows the gross 
depositional environment, sediment source and overall geological setting. 
5.3 Sequence stratigraphy 
Sequence stratigraphy is one of the most dynamic fields in the geosciences 
nowadays. Sequence stratigraphy is the study of rock relationships within a 
chronostratigraphic framework of repetitive, genetically related strata bounded by 
surfaces of erosion or non-deposition or their correlative conformities /Van Wagoner er 
a/., 1988). 
The fundamental basics of the sequence stratigraphic approach are not new. 
Concepts of geochronology, global cycles, "law of superposition", etc., have a 
considerable past; although, probably the most important contribution was given by 
Sloss (1963) with the introduction of cratonic sequences (Fig. 5.6). Stratigraphic 
sequence was defined as a rock-stratigraphic unit, traceable over major areas of a 
continent and bounded by unconformities of interregional scope. The full-fledged 
application of sequence stratigraphy can be dated from 1977, from the publication of the 
AAPG Memoir 26 (Payton, 1977). This was possible because of the advancement of 
seismic methods from the 50s, which resulted in vast amounts of seismic information. 
The quality and quantity of the new seismic datasets led to the development of modem 
sequence stratigraphy. 
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Fig. 5.6 North American cratonic sequences (Sioss,  1963). 
Fig. 5.7 Chronostratigraphic significance of unconfomities in sequence stratigraphy. 
(a) Stratigraphic cross section. (b) Chronostratigraphic chart. 
It is not surprising then, that sequence stratigraphy borrows most of its basic 
definitions from seismic stratigraphy. The term "sequence" was slightly redefined, with 
some temporal and spatial connotations being attached to its meaning. 
The sequence is the fundamental unit of sequence stratigraphy. being bounded 
by unconformities and their correlative conformities. Due to their temporal range, the 
Sloss-type sequences were considered "supersequences". 
Other stratigraphic approaches, similar to those of sequence stratigraphy, also 
appeared in the last decades. "Allostratigraphy" defines its units with bounding 
discontinuities, similarly to sequence stratigraphy (North American Commission on 
Stratigraphic Nomenclature, 1983). In an alternative sequence model, the basic unit is 
the "genetic stratigraphic sequence", bounded not by unconformities, but by surfaces of 
lnaximum flooding (GaIZowuy, 1989). The sequence stratigraphic approach is strongly 
related to unconformities and to the cyclic nature of sedimentary records and funher 
basics can be understood within this context. 
5.3.1 Unconformities and their correlative conformities 
It was stated above that stratigraphic sequences are bounded by unconformities 
and their correlative conformities. 
An unconformity is a geological surface separating younger from older strata. 
along which there is evidence of subaerial erosional truncation (or correlative submarine 
erosion), with a significant hiatus indicated (Van Wagoner et al.. 1988). 
A conformity also separates younger From older strata, without a significant 
hiatus. The importance of hiatus depends on the scale of interest (see later). 
Unconformities and their correlative conformities therefore, have temporal 
significance (Fig. 5.7). There is a notable but rare exception to this basic premise of 
sequence stratigraphy. Christie-Blick et al. (1990) showed that strong, along-shore 
marine currents can produce a diachronour unconfonniy (Fig. 5.8). Unconformi ties 
occur over many geographical and temporal scales, from local to continent-wide and 
from a few hours to millions of years, reflecting the cyclic nature of the sedimentary 
record. Due to its applicability in a wide temporal and spatial range. the sequence 
stratigraphic approach is scale-independent. Progressing from the descriptive stage to 
the interpretative level, the goveming causes of different scales of unconformities 
should be addressed. 
5.3.2 Cyclic nature of the sedimentary record 
Recognition of the cyclic name of the sedimentary record has a considerable 
past. The fundamental question is the governing factors of the different scales of 
depositional cycles. The dominant part of sedimentation takes part in marine 
environments; consequently, the controlling factors are of marine sedimentation have 
primary importance. This problem leads to the concept of  accommodation". which is 
the space available for sedimentation (Jervey. 1988). 
Obviously, changes in the accommodation spaceipotential reflect changes in a 
goveming factor or composite effects of governing factors. Ultimately the relative 
change of sea level produces accommodation space for sedimentation (Fig. 5.9). 
Relative change of sea level is the result of the interaction of tectonism and 
eustac y. 
Eustacy refers only to the position of the sea surface with reference to a fixed 
datum, such as the center of the Earth, and is therefore independent of local factors. 
Relative sea level incorporates local subsidence and/or uplift by referring to the 
position of the sea surface with respect to the position of a datum (e.g., basement). 
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(a) Unconformity with chronostratigraphic significance; (b) Unconformity with a 
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Fig. 5.9 Simplified model of the controlling factors of sedimentary cycles 
(based on Vail and Cramez, 1990; Emery and Myers, 1996). 
Stratigraphic features or signatures in a given rock, are the results of combined 
tectonic, eustatic, sedimentary and climatic factors. The two most important criteria to 
separate these factors are the spatial and temporal distribution of their effects on the 
accommodation space. Controlling factors have hierarchy based on their temporal 
distribution: 
Order Time (M.a.) 
First-order sedimentary cycles and their stratigraphic expressions, first-order 
sequences (megasequences), are the results of global tectonic events (supercontinent 
cycles) and accompanying eustatic sea level changes (tectonoeustacy). During the 
Phanerozoic times two megasequences can be identified (Fig. 5.10). These large 
changes were recognized independently and much before the advent of sequence 
stratigraphy. Ultimately, these large-scale changes effect the sediment accommodation 
potential on a global scale. 
Second-order tectonic events, such as major orogenies with their non-periodic 
nature, act on a global or continental scale. The second-order tectonoeustatic events 
produce second order changes in the accommodation potential on a continental scale, 
expressed in second-order sequences (supersequences) (Fig. 5.10). The Sloss-type 
North American cratonic sequences (Fig. 5.6) are in fact second-order sequences, and 
can be related to orogenic events. 
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Sequence as a term, defined previously, has third-order spatial and temporal 
connotations. Higher-order sequences (parasequence sets, parasequences, bedsets, 
beds, lamina sets and laminae) also refer to temporal and spatial distribution. The scale 
of interest defines the appropriate exploration tool to investigate these sequence 
stratigraphic units (Fig. 5.11). The conventional exploration seismic method can resolve 
fourth-order sequences (parasequence sets). 
There is art ongoing debate over the goveming factors of the third and fourth 
order sequences. The classical school attributes them explicitly to changes in eustatic 
sea level due to the melting and freezing of polar ice (glacioewracy). Ln this scenario. 
tectonic effects are not governing, but only modifying factors. Based on this premise a 
worldwide sea level curve was compiled, indicating third- and fourth-order global sea- 
level cycles and globally correlatable unconformities wail er a!.. 1977; Huq ef al.. 
1988~). Although this sea-level curve is widely used in the industry, there are serious 
theoretical and empirical reservations about this theory. 
Burton et al. (1987) showed the impossibility of deducing an absolute sea level 
curve (eustatic) from the geologic record. They pointed out that it is possible to obtain 
only the sum of the tectonic and sea level variations. Eustatic curves assume some 
simplistic behavior of tectonism and sediment accumulation. 
Mathematical modeling showed that intraplate stress changes, without eustatic 
sea level change, acting on a third order temporal level can create considerable 
accommodation space (Cloetingh, 1986; 1988). Interestingly enough, some cycles on 
the curve are shorter than the temporal resolution of existing biostratigraphic tools. 
Miall (1992; 1997) went even further, pointing out additional inconsistencies of 
the eustatic sea level curve, and concluding that the sea level curve is misleading, too 
flawed to be fixed and should be discarded altogether. 

The eustatic c w e ,  practically speaking an averaged curve. was produced 
primarily from data of the Atlantic, passive margin areas. Probably it can be used. with 
some caution, in those areas; however, in other tectonic environments and geological 
times, third- and fourth-order sea-level curves can lead to erroneous interpretations. 
Nevertheless, the principles of sequence stratigraphy are independent of the 
questionable theory behind the third and fourth order sea level curves. 
5 3 3  Sequence architecture 
The practical implementation of the sequence stratigraphic interpretation is 
based on the recognition of changes in the accommodation potential of the given area. 
Two distinct types of sequences can be defined as a product of the changes of the 
relative sea level. 
Type-1 and Type-2 sequences are defined by the sequence boundary below 
(Fig. 5.12). Thus, a type- 1 sequence (Fig. 5.12.a and b) is bounded below by a type- 1 
sequence boundary, and type-2 sequence (Fig. 5-12-c) is bounded below by a type-2 
sequence boundary. Based on the physiography of their depositional environment. type- 
1 sequences are somewhat different in areas with shelf break and with ramp margin. 
The nature of sequence boundaries depends on the magnitude of the relative sea 
level drop at the depositional shoreline break. This is the position on the shelf, 
landward of which the depositional surface is at or near the base level (usually sea 
level), and seaward of which the deposition is below sea level (Van Wagoner er al.. 
1988). This point is different from the shelf break, which is a physiographic province in 
the basin defined by a change in dip from shelf to slope (Van Wagoner et a/.. 1988). 
Based on the position of the relative sea level during one depositional cycle, the 
sequence can be subdivided into system tracts, which are bounded by secondary 
surfaces. These system tracts are: the lowstand system tract, the transgressive system 
tract and the highstand system tract. The Iowstand system tract is replaced by the shelf 
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Fig. 5.12 Sequence types (adapted from Van Wagoner et al., 1988). 
margin system tract in Type-2 sequences. Each system tract can be recognized by its 
internal structure. This topic will not be discussed because it is beyond the scope of this 
thesis. 
Although sequence stratigraphy was introduced in siliciclastic environments, the 
physical basics of it can be readily applied to carbonate environments. Obviously, due to 
the fundamentally different nature of carbonate sedimentation, the recognition and 
interpretation of the physical surfaces in this environment require special considerations. 
Ultimately, the accommodation space determines the sequence evolution. While 
in the siliciclastic environment accommodation space is created primarily by the 
interaction of relative sea level and sediment supply; in the carbonate environment it is 
the result of relative sea level change and carbonate growth (SchIager, 1992). The 
carbonate growth obviously depends on other factors. The differences can be enhanced 
by physiographic dissimilarities (e.g., reefs, rimmed platforms). The timing of 
maximum sedimentation can deviate from that in siliciclastic environments (Schlager. 
l992).  
5.3.4 Sequence stratigraphy in intracratonic areas 
Sequence stratigraphic analysis in cratonic/platform areas. on a regional scale. 
requires special considerations. In the Williston Basin area the Sauk-Absaroka 
sedimentation is primarily carbonatic; while in the Zuni-Tejas interval, when the basin 
is part of a foreland basin, the siliciclastic deposition is prevalent (Chapter 2). 
The scale of tectonic activity, rate of sedimentation and erosion are significantly 
different in platfonn areas than in other sedimentary environments. Sloss (1996) 
emphasized that the area and environrnent where the sequence stratigraphic method was 
developed (clastic passive margin) are markedly different From the cratonic 
interior/platform areas (e-g., Paleozoic Williston Basin). 
Due to the physiography of these areas, only a few clinoforms and shelf breaks 
can be found. In sequence stratigraphic framework, Sloss (1996) considered the 
intracratonic platform basin areas as "basins with ramp margins". On a larger scale, 
however, the whole area can be considered as rimmed shelf region (Fig. 5.13). Few 
clinoforms can be found at flanks of wave-resistant structures (reefs and mounds) (Fig. 
5.14). 
In platform areas, like in the Paleozoic Williston Basin. covered by shallow 
water, a relatively minor sea level drop can expose sediments over hundreds of 
kilometers. A consequence of this is that lowstand system tracts can not be found in 
platform areas, or if they can, only in very limited thickness (Fig. 5.13). The type of 
sequence can not be identified based on cratonic strata; however. in these areas it does 
not have much relevance. Most of the existing records are part of transgressive or 
highstand system tracts. In cratonic areas third to fifth order depositional cycles can be 
traced for hundreds of kilometers (Sloss, 1996). Fine details of the sequence 
stratigraphic jargon have limited applicability in these areas, since facies changes appear 
in the range of hundreds of kilometers. To overcome this problem, the application of 
regional seismic profiles is extremely useful. 
Seismic/sequence stratigraphic analysis in platform areas (Sauk-Absaroka 
interval in the Williston Basin area) is fairly simple, since the sensitivity of the 
sedimentary record for the sea level changes expressed in unconformities most of the 
time correspond to lithological changes. This means that sequence boundaries 
(unconformities) are commonly identical with lithostratigraphic boundaries. 
During the Zuni-Tejas times, the Williston Basin area was part of a foreland 
basin. A vast amount of siliciclastic sediment was eroded fiom the area to the west 
(Chapter 2). The classical siliciclastic sequence stratigraphy is the prime tool in the 
interpretation of this segment of the sedimentary record, since the unconformities and 
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lithostratigraphic boundaries are generally not identical. Numerous clinoforrns can help 
the identification of changes in the accommodation potential in the area. 
5.4 Special considerations in regional seismic profiling 
Regional profiling, such as regional seismic sections, is fundamental to 
recognizing large scale lapouts and erosional surfaces. 
On a regional scale, unconformities represented by seismic reflections on a 
seismic profile have chronostratigraphic significance. Diachronous unconformity (Fig. 
5.8.b), related to significant along-shore current, postulated by Christie-Blick et al. 
(1990) is expected neither in the Paleozoic, nor during the later periods in the Williston 
Basin's history. Leckie and Krystinik (1989) found that the along-shore current activity 
was minor compared to the orthogonal current activity in the Cretaceous Western 
Interior Seaway, part of which was occupied by the Williston Basin area. 
Regional seismic studies, due to the decreased lateral resolution, resolve only 
third order sequences. It does not hamper the interpretation, since the scale of interest 
does not extend below this level. 
A regional seismic profile usually uses extreme vertical exaggeration to enhance 
the subtle structures. Special attention should be paid when interpreting structures on 
scale exaggerated seismic profiles (Stone. 1991). 
CHAPTER 6 
INTERPRETATION OF THE REGIONAL SEISMIC LINES 
In this chapter all the currently reprocessed regional seismic lines will be 
interpreted, using the seismic stratigraphic method. Due to the considerable extent of the 
lines, interpretation and description of seismic stratigraphic features will be conducted 
in shorter ( 100-250 km) intervals. 
The longest, WE II line will be discussed in four segments; while the rest of the 
lines (WE Ill, NS I, NS l and CA 1) will be broken into two segments for interpretation. 
The scale of each individual segment of the regional seismic lines used for detailed 
interpretation was kept the same. Nevertheless, since the purpose of the thesis is a 
regional scale synthesis, all the compiled regional seismic profiles will be displayed at 
the beginning of each section. Except for the long WE II line, the scales of all five 
regional lines are the same for easier comparison and correlation. Due to the 
fundamentally different nature of the Zuni sedimentation in the Williston Basin area. the 
interpretation of this part of the geological record is more apparent in the dammed 
versions of the regional profiles (Figs. A. 1-6). 
As noted earlier, the Greenhorn Shale (Second White Speckled Shale in Canada) 
was chosen to be the datum due to its excellent seismic characteristics throughout the 
study area. The datum-flattened versions of the regional sections, together with Zhu's 
11992) regional section (WE I), are displayed in the Appendix (Figs. A. I-6). 
6.1 W E  11 line 
The longest regional seismic line, WE 11. exhibits two overlapping megatectonic 
units along the 90W km of its length (Fig. 6.1). These two units are the "Rocky 
Mountains Foreland" in the west and the "Williston Basin" in the east. The important 
overlapping area of the two units is unfortunately not covered fully by seismic data here. 
This area lies in the region of the Bowdoin Dome. 
The western, Rocky Mountains Foreland area. on a large scale. displays a 
complex pattern. The westernmost part is the "Foothifldweetgrass Arch " area. In this 
region the general characteristics of the strata are changing fiom an apparently westerly 
dip to an apparently easterly dip. The uplifted and deeply eroded Sweetgrass Arch 
dominates this region. East of this area lie the Bearpow Mountains. The general 
apparent dip is still easterly; however, to a smaller degree. The structures of this interval 
are less dramatic, although the major characteristics of the Bearpaw Mountains could 
not be imaged in great detail because of the irregular basaltic layers at the surface. 
The Williston Basin side of this regional profile displays a "bowlv-shaped form; 
however, the basin is tilted slightly to the west in this section. This part of the section is 
fairly symmetric with a generally easterly dip in the Western part and a westerly dip in 
the Eastern part. Smaller-scale folds can be observed in the Williston Basin part of the 
section. The largest-amplitude folds appear to be in the central pan, while away fiom 
the basin's center the amplitudes of the folds decrease. 
6.1.1 FoothillsSweetgrass Arch area 
This area is dominated by the antiformal feature of the Sweetgrass Arch (Figs. 
6.2.a, b). 
The lower seismic sequence boundary of the Snuk Sequence (top of the 
Precambrian basement), can be identified only with limited certainty. No clear reflection 
of this surface is present; however, based on reflection characteristics some assumptions 
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can be made. As expected from its regional geology, the sequence is fairly thick in the 
west and thins gradually to the east. The subparallel, highe- amplitude reflections of this 
sequence can be differentiated From the rather chaotic basement reflections. The 
basement can ultimately be defined by the progressively onlapping reflection 
terminations of the lowermost Sauk reflections. This part of the record reflects a 
transgressive series advancing toward the east, in accordance with the geological history 
of the area. Unfortunately, the wells obtained From this area did not penetrate the full 
Sauk Sequence and the wells From the neighboring areas in general also fail to do so, 
making it difficult to achieve a subdivision of the sequence. 
The Tppecanoe Sequence is present only in the easternmost extremities of this 
area, with -20 ms thickness which represents -10-15 m here. Due to its limited 
thickness, the internal structure of the sequence can not be identified. The sequence 
itself onlaps against the upper boundary of the Sauk Sequence exhibiting a westerly 
advancing transgressive series. 
In the following Kaskaskia I Sequence, four continuous reflections can be 
differentiated. These reflections are subparallel and reflection terminations can be 
observed only in a few places. The lowermost reflection represents the top of the Souris 
Bver Formation of the Manitoba Group. The next two reflections indicate the tops of 
the Duperow and Birdbear (Nisku) formations of the SaskatchewawJefferson Group. 
Some onlapping reflection terminations can be identified against the reflection 
representing the top of the Souris River Formation. The upper boundary of the 
Kaskaskia I Sequence is the top of the Three Forks Formation, which appears as a 
strong negative reflection on the seismic profile. An erosional surface can be suspected 
based on some indication of a truncation type upper sequence boundary. 
The lowermost part of the Kaskaskz'a I1 Sequence contains the Bakken 
Formation. The top of this formation is still within the strong negative reflection and its 
downlap termination is assumed to be where the reflection becomes narrower between 
Well 3 and Well 4. Two more major reflections can be identified within the Kaskaskia 
II Sequence in this area. The lower, negative one is somewhat discontinuous and 
delineates approximately the top of the Lodgepole Formation. The upper. weak positive 
reflection terminates against the upper boundary of the Kaskaskia ll Sequence with 
erosional truncation between Well 2 and Well 3. The reflection demarcates the top of 
the Mission Canyon Formation. The interval between this reflection and the upper 
sequence boundary, west of Well 3 is occupied by the Charles Formation. 
No remnants of the Absaroku Sequence are present in this area. 
Two subparallel reflections can be identified within the Zuni I Sequence. No 
obvious reflection terminations can be found in this area. 
The Lcni I1 - Tejas interval in general exhibits a subparallel reflection 
configuration. The lowermost reflections in the west terminate progressively toward the 
east, delineating the lower sequence boundary. This configuration probably indicates the 
direction of transgression. Further up, an erosional truncation type of upper reflection 
termination delineates a sequence boundary. This reflection pattern shows an easterly 
prograding sedimentation and indicates a westerly source. The sequence was terminated 
by a rearranged tectonic environment. Two more subparallel reflections can be 
identified above this sequence boundary. Further above, the reflections are somewhat 
contorted or in some places are chaotic; no continuous reflection or reflection 
termination can be identified with great certainty. Moreover, there are no reflections in 
this interval around the hinge of the Sweetgrass Arch. Nevertheless, the contorted 
reflection pattern, especially in the Foothills segment suggests rapid, easterly prograding 
temgenous sedimentation from a westerly source. 
The structure of the area is quite complex. The thrust faults in the Foothills 
segment are clearly detectable. The Pendroy Fault with normal displacement, can be 
identified. The downthrown side of the fault is on the west, which is in accordance with 
the field observations. The strike-slip component attributed to this fault can not be 
determined from this section alone. 
By analogs, below the Sweetgrass Arch a major detachment fault can be 
assumed to exist, from which the thrust faults splay upward. In the eastern part of the 
interval, east of the Sweetgrass Arch, easterly dipping reverse faults are interpreted. 
These faults are related to the regional Scapegoat-Bannatyne Trend. which is 
considered transpressive in this area. 
6.1.2 Bearpaw Mountains area 
The next - 170 km interval covers the Bearpaw Mountains (Figs. 6.3.a, 6). The 
first 50 km actually run circumferentially with the circular region of the mountains 
(Figs. 2.8.a and 4. I ) .  Across the Bearpaw Mountains, the reflections exhibit a divergent 
partem, which shows a general thickening toward the east, in the direction of the 
Williston Basin. 
Due to the lack of deep wells, the position of the basement-sediment contact in 
this area was defined by extending the interpretation from the previous interval. This 
important horizon can be traced with some certainty within a positive, high-amplitude 
reflection across the area, except in the Bearpaw Mountains where the chaotic nature of 
the reflections did not allow any reliable interpretation. 
Subparallel reflections in the Sauk Sequence have moderate to high amplitudes, 
good continuity and in some places show eastward onlapping reflection terminations, 
which probably represent the transgressive nature of the remnants of the Sauk Sequence. 
The Tippecanoe Sequence is still fairly thin; however, it thickens continuously to 
the east. One major reflection can be identified within the sequence, which terminates 
with a westward onlap against the upper sequence boundary of the Sauk, east of the 
mountains. This clearly shows that the Tippecanoe transgression arrived from the east. 
Wells: 7 8 
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Fig. 6.3.a Line WE 11, Bearpaw Mountains area, uninterpreted section. 
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Fig. 6.3.b Line WE 11, Bearpaw Mountains area, interpretation. 
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The reflections of the successive Kmkaskia I Sequence are subparallel, with 
good continuity and high amplitudes. The lower sequence boundary can not be 
identified by reflection terminations, because of paraconfonnity. This configuration 
suggests that reflection terminations can be expected in the cross section more or less 
perpendicular to the strike of this section. Geologically. it means transgression ocurred 
in this perpendicular direction, which is in harmony with the general pattern of 
sedimentation in the Devonian Elk Point Basin. 
The overlying Kaskaskia I1 Sequence shows a more complex internal picture. 
The reflections are only moderately continuous and the amplitudes are variable. 
reflecting a more irregular internal character of this sequence. This is the seismic 
expression of the lateral facies changes in the Mississippian succession. Some 
truncation of reflection terminations can be observed against the upper sequence 
boundary of the Kaskaskia II, indicating a significant erosion after the Kaskaskia [I 
deposition. 
Remnants of the Absaroh Sequence are missing in this area. 
The successive Zuni I Sequence is more complex, reflecting its progressively 
complicated geological history. The lower pan, with subparallel, high-amplitude. 
continuous reflection suggests a low-energy environment. Above this, with a sharp 
contrast in seismic facies, easterly dipping clinoforms indicate progressively temgenous 
sedimentation from a westerly source. Geologically the lower part refers approximately 
to the Piper-Rierdon series of the "Sundance Sea", while the upper part corresponds to 
the Swift-Momson interval. 
The Zuni II - Tejas interval comprises more than half of the sedimentary 
succession in this area. In the lower part, high-amplitude reflections with good 
continuity alternate with reflections with moderate continuity and amplitude. No clear 
reflection termination can be identified. This part corresponds to sheet-like deposition in 
a marine or marginal marine environment. The upper part in the west does not allow 
precise interpretation and in the east some uncertainties also are exhibited due to 
aquisition and processing limitations. Nevertheless, based on the general character of 
the interval, some subparallel reflections with clinofonns can be inferred. 
Structurally, the area is dominated by the presence of the Bearpaw Mountains. 
The western part of the section, as mentioned above, is circumferential with the 
mountains, and the apparent high-amplitude fold is actually the western extension of the 
intmsives in the mountains. 
The central part is the main area of the intrusives and the general structure is 
certainly not like the profile suggests. Due to the presence of the uneven surface 
volcanic layer, it is extremely difficult to image the layering below the mountains in 
great detail with the seismic method. Nevertheless, on the eastern flank of the mountain. 
there is clear indication of pull-up and dragging of strata due to the forces 
accompanying the magmatic intrusion. 
Further toward the east, indication of folding and faulting is apparent. The 
Bearpaw Mountains are located in the vicinity of the NE-SW trending Great Falls 
Tectonic Zone, which separates the Archean Medicine Hat Block from the Archean 
Wyoming Craton. The folding and faulting can be associated with the presumably 
transpressive deformation along this major tectonic feature. There is no clear indication 
of plainsward (eastward in this section) sliding of strata above an Upper Colorado layer 
in the close vicinity of the mountains, as suggested by Reeves 11946). Identifying this 
type of shallow structure and corroborating the theory would require special seismic 
acquisition around the Bearpaw Mountains. 
6.1.3 Williston Basin, western part 
This part of the regional seismic section is -240 km long, crossing the Williston 
Basin from its western flank to its central part (Figs. 6.4.a, b). The line is offset by 32 
500 krn 700 km 
Fig. 6.4.a Line WE 11, Williston Basin - western part, uninterpreted section. 
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Fig. 6.4.b Line WE 11, Williston Basin - western part , interpretation. 
km between Well 15 and Well 16. The general pattern of the reflections is subparallel 
and divergent, with significant thickening toward the center of the basin. Some deep 
wells along this stretch helped to identify the geology of the area with greater certainty. 
The basement reflector has a moderate positive amplitude and moderate 
continuity. Some westerly terminating reflections in the overlying Sauk Sequence can be 
identified against the basement reflector. 
The Sauk Sequence itself is fairly thin in the central part of the interval and 
thickens slightly away from it. The upper boundary of the Sauk Sequence is sometimes 
difficult to trace. It has weak-moderate positive amplitude and moderate continuity. 
The lowermost reflection of the Tippecanoe Sequence represents the surface 
between the sandstones of the Winnipeg Formation and the carbonates of the overlying 
Red River Formation. The petrophysical differences yeld excellent reflection 
characteristics, manifested in high negative amplitude and excellent reflection 
continuity. The rest of the reflections of the Tippecanoe sequence exhibit a subparallel 
pattern. with moderate-t~-~ood' reflection properties. One reflection termination 
(truncation) can be identified against the upper boundary of the Tippecanoe Sequence 
between Well 17 and Well 18. The upper sequence boundary represents a major 
erosional surface which is in accord with the regional geology. 
The reflections in the Kaskaskia I Sequence do not exhibit reflection 
terminations in this section. This underlines againthe fact that the major transgressive- 
regressive direction was oriented at a high angle to the profile (i.e., that of Elk Point 
Basin). The reflection characteristics range from good to excellent, allowing an easy 
identification of seismic stratigraphic horizons. The reflection facies pattern is 
subparallel and even, corresponding to a generally low-energy sedimentary 
environment. Lithological units refer to higher-order sequence boundaries in this 
interval. The lower part of the sequence corresponds to the Elk Point Group. The Prairie 
Evaporite is clearly resolvable in the eastern, deep part of the basin and still detectable 
in the west, where the thickness decreased significantly. This excellent resolution is due 
to the high reflection coefficient between the evaporites and the overlying Second Red 
Bed shales and between the evaporites and the underlying Winnipegosis carbonates. The 
upper boundary of the Prairie Evaporite appears with a strong negative reflection. while 
its lower boundary (top of the Winnipegosis Forrnation) appears with a strong positive 
reflection. Where minor discontinuity is present, Winnipegosis mounds can be inferred; 
however, identification of those can be made with more certainty on local seismic 
profiles. The reflections of the Manitoba Group formations can be identified reliably. 
The top of the Souris River Formation appears with a moderate-to-good, continuous 
negative reflection, while the top of the Dawson Bay Formation e-xhibits high. 
continuous positive reflection throughout the area. The reflections from the top of the 
Duperow and Birdbear (Nisku) formations have moderate amplitude and good 
continuity. The upper sequence boundary is virtually the top of the Three Forks 
Formation which exhibits moderate, positive amplitude and good continuity. 
The reflections of the overlying Kashskia II Sequence are somewhat different 
from those in the sequence below. The strong negative reflection with excellent 
continuity representing the top of the Bakken Formation makes it easier to separate the 
two Kaskaskia sequences. The Bakken is clearly detectable, due to the significant 
petrophysical differences from the overlying Lodgepole Formation, but can not be 
resolved because of its limited thickness. The reflections above the Bakken Formation 
have high amplitude, but due to their hummocky character their continuity is not always 
good. This probably reflects the lateral facies changes in the Madison Group. Toward 
the west some erosional truncation type reflection termination can be observed against 
the upper sequence boundary of the Kaskaskia II Sequence. The interval in the eastern 
part of the area, below the upper sequence boundary and above the Madison reflections, 
represents the Three Fork Forrnation. Truncation-type reflection termination against the 
upper sequence boundary can be detected from this interval. 
The overlying Absarokrr Sequence is fairly thin all over the area; however, it 
thickens toward the east. Three higher-order sequences can be identified by reflection 
terminations. The lower one terminates with onlap against the erosional lower sequence 
boundary, probably representing the Pennsylvanian sediments, which are restricted to 
the central part of the basin. Even more limited is the extent of the overlying middle 
sequence (-Permian), which terminates with onlap against the upper boundary of the 
lower sequence, east of Well 18. The upper sequence within the Absaroka Sequence 
oversteps the lower sequences and is present all over the section. This sequence 
corresponds to the Triassic Spearfish Formation. Truncation can be identified against 
the upper sequence boundary of the Absaroka Sequence. representing again an erosional 
period. 
Similarly to the area to the west, the reflections of the Zuni I Sequence show two 
distinct types of general charactersistics. The lower part exhibits continuous. high- 
amplitude subparallel reflections, reflecting low-energy depositional environments 
(Piper-Rierdon interval); while the upper part displays medium-amplitude reflections 
with limited continuity and some easterly dipping clinoforrns, suggesting a westerly 
clastic sediment source (Swift interval). 
The lower part of the overlying Zuni II - Tejas interval exhibits altemating 
continuous, subparallel, high-amplitude reflectors with moderately continuous. medium- 
amplitude shingled clinoform reflections. The alternation of the seismic facies mirrors 
the transgressive-regressive phases of this interval. The upper part of the interval shows 
a similar altemating pattern; however, the intervals, especially those containing 
clinoforms, exhibit progressively larger thickness upsection. This observation conforms 
with the increasing terrigenous sedimentation in the Western Interior Seaway with time. 
The extended thickness of the sequences containing clinoforrn reflection patterns allows 
for identifing the internal structures of the eastward prograding delta-type deposition. 
The structure of this area is significantly different from the areas to the west. 
Folding is apparent throughout the interval, with increasing amplitude toward the center 
of the basin. The tripartite nature of the western end of the section is distinguishable. 
These three subregions are clearly the continuation of the "Central Block", the 
"Transition Zone" and the "Williston Basin Element", which was recognized in the Fon 
Peck Indian Reservation area, just south of the section (Section 2.2.2.2; Fig. 2.10). 
The continuation of the "Central Block" crosses the seismic profile between 
We11 9 and Well 10 and the extension of the "Transition Zone" is located between Well 
10 and Well 11 .  The area east of Well 1 I belongs to the "Williston Basin Element". 
Fault-related folding is apparent at the boundary zone between the "Central Block" and 
the "Transition Zone". The axial plane of the major fold in this segment strikes roughly 
NNW-SSE, based on geological information. What the regional section reveals here is 
that the fold-bounding faults on both sides of this fold dip toward the axial plane of the 
fold, exhibiting a tightening of the fold downward in cross section. 
Further to the east, the series of NW-SE striking folds can be identified on the section. 
in accord with the structural maps of the area (Fig. 2.11). The regional seismic section 
reinforces the downward tightening character of these folds, which are apparently 
asymmetric in this section which crosses the folds at an angle. 
The oil fields of this area are clearly related to these folds. In the eastern end of this 
interval. the folds show a similar character and a higher amplitude. 
6.1.4 Williston Basin, eastern part 
The easternmost segment of the WE KI line covers -240 km (Figs. 6.5.a, b). It 
stretches from the deepest part of the basin to its eastern flanks. The gross character of 
the reflections of this region is subparallel and divergent to the west, showing a general 
thickening in that direction. Most of the wells reached the Sauk Sequence and some of 
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Fig. 6.5.a Line WE 11, Williston Basin - eastern part, uninterpreted section. 
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Fig. 6.5.b Line WE 11, Williston Basin - eastern part, interpretation. 
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them penetrated the basement. This information coupled with the two north-south 
regional seismic lines allowed reliable interpretation. 
The basement reflector in this side of the basin has variable, weak-to-moderate 
positive amplitude and continuity. 
Reflections in the Sauk Sequence are weak and in some places show easterly 
onlap reflection termination representing the relative direction of transgression. The 
sequence itself is gradually thins toward the east; however, above the central, high- 
amplitude fold (Nesson Anticline) it shows some thinning and onlap reflection 
termination against both sides of the fold. This suggests that structural movements on 
this fold started at the very early stages of the basin's evolution or the earliest sediments 
were deposited on and around "islands" (Lochman-Balk and Wilson. 1967). The upper 
boundary of the Sauk Sequence has a fairly weak, positive reflection. 
It can be traced with the help of the lowermost reflection of the overlying 
Tippecanoe Sequence. The reflection from the Winnipegosis-Red River boundary 
continues to exhibit excellent reflection characteristics in this area. too. Other 
Tippecanoe reflections have moderate signal continuity and medium-to-high reflection 
amplitude. Reflection terminations against the upper boundary of the sequence can be 
identified east of Well 24. 
Similarly to the western flank of the basin, the successive Kaskaskia I Sequence 
does not exhibit reflection terminations against its lower sequence boundary in this 
section, due to the almost perpendicular transgressional direction ( SSE). The reflection 
from the top of the lowermost series (Asherwwimipegosis) shows a continuous, 
positive, high-amplitude reflection character. At the location of occasional 
discontinuities, mound buildup can be suspected. The strong negative, continuous 
reflection from the top of the Prairie Evaporite terminates with an offlap against the top 
of the Winnipegosis Formation, which mirrors the regressive phase of the Elk Point 
Group. A medium-to-strong positive reflection can be detected within the Prairie 
Evaporite in the central part of the basin. The reflections in the upper part of the 
Kaskaskia I Sequence have moderate-to-good continuity, and medium-to-high 
amplitude. The reflection from the top of the Dawson Bay Formation continues to show 
the best seismic properties in this interval representing the SaskatchewmJefferson and 
the Manitoba groups. The upper sequence boundary of the Kaskaskia I is the reflection 
from the top of the Three Forks Formation, which exhibits high amplitude and excellent 
reflection continuity, especially where the Bakken Formation is present above. Where 
the Bakken is missing (east of Well 25), the reflection characteristics of this reflection 
are somewhat decreased. 
The lowermost reflection in the Kaskashk II Sequence is From the top of the 
Bakken Formation. It has excellent reflection characteristics up to the area where it 
terminates with an easterly onlap against the lower sequence boundary east of Well 25. 
Reflections From the internal part of the overlying Madison Group have moderate-good 
continuity, reflecting facies changes in relatively short distances in this area. h the east, 
where the successive Big Snowy sediments are not present. truncation-type terminations 
of the Madison reflections are identified against the upper sequence boundary. In the 
central part, reflections of the Big Snowy Group terminate against the upper sequence 
boundary, exhibiting an overall regressive pattern. 
The Absaroka Sequence, which is thin all over the area thins even more to the 
east. The three higher-order sequences identified on the previous section can be traced 
to this area. too. The lower sequence (-Pennsylvanian) terminates with an onlap against 
the lower boundary of the Absaroka Sequence between Well 23 and Well 24. The 
middle sequence (-Permian) has a more limited extent and terminates with an onlap 
against the upper boundary of the lower sequence around Well 22. Erosion after the first 
two sequences is apparent. The thin, upper sequence within the Absaroka Sequence 
covers the whole area and no clear reflection can be identified in it; consequently, no 
reflection termination can be detected. 
The overlying Zuni I Sequence continues to show two distinct types of seismic 
facies. Reflections of the lower, Piper-Rierdon series have a high-amplitude, continuous 
character; while the upper, Swift interval has a weaker, less continuous pattem. 
The alternating pattern of the Zuni II - Tejas interval, observed in the western 
part, is extended to this region. The relative thickness and extent of these transgressive- 
regressive intervals changes, however. Generally, the intervals get thinner toward the 
east, making their delineation based on reflection termination more difficult. The lower 
series exhibit better continuity, higher amplitude, and subparallel reflections, even in the 
intervals which show a more clinoform internai pattern. This configuration suggests a 
lower-energy offshore environment away fiom the coarse material carried by the deltas 
fiom the west. Lithologically this interval in the east is represented by the Pierre Shale, 
which spreads over sedimentary sequences. Here, the sequence stratigraphic approach 
underlines the importance of its use in basin-evolution studies. The upper series show 
more clinoforms, which mirrors that final retreat of the sea and the increasing 
temgenous sedimentation From the westerly source of  the emerging Rockies. 
The structure of this interval, at least in part, is the mirror image of the western 
part. Folds are apparent also on this side of the basin. The highest-amplitude fold 
(Nesson Anticline) is situated in the deepest part of the basin. The amplitudes of the 
folds decrease toward the flank, to the east. The central fold (Nesson Anticline) is 
bounded by faults (or fault system) on both its sides. 
This regional seismic profile reveals that these bounding faults dip toward the 
fold's axial trace, resulting in a downward-tightening fold in cross section. These faults 
clearly show reverse displacement, suggesting compressive origin. 
East of the major folds other, smaller folds can be observed between Well 22 
and Well 25. These folds are asymmetric in cross section and also tighten downward. 
The asymmetry folds (structural noses) in this cross section is the consequence of their 
NE-SW strike in this area (Figs. 2.13, 14). 
The more easterly are the folds located on the profile, the more asymmetric they 
are in cross section. The bounding faults also show reverse displacement. This regional 
section reveals clearly their regional relationship. Interestingly enough, the faults east of 
Well 25. contrary to the region west of it, show dominantly normal displacement. 
6.2 W E  111 line 
The WE III regional seismic line covers over 400 krn distance across the deepest 
part of the Williston Basin (Fig. 6.6). The basin in this section is roughly symmetrical 
and "bowlv-shaped, but it exhibits a slight westerly tilt. Two large-scale folds are 
apparent in the west (Poplar Dome) and in the central part (Nesson Anticline). Other 
smaller folds are also present on this regional cross section. For interpretation purposes 
the section can be subdivided into a ''Western part" and an "Eastern part". 
6.2.1 Western part 
This interval is -220 km long and dominated by the presence of the Poplar 
Dome in the west and the Nesson Anticline in the east (Figs. 6. %a, 6). There is a -52 
km gap in the regional profile west of the center of the basin. 
The top of the basemenr reflector has a medium-to-high positive amplitude and 
good continuity in the western part of the section. East of the Poplar Dome the 
reflection characteristics deteriorate and the interpretation is less certain there. 
The reflections of the Souk Sequence are weak-to-moderate and onlap 
terminations against the basement can be inferred only in some places. The top of the 
Sauk Sequence appears with a medium-high positive amplitude reflection with 
moderate-good continuity . 
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Fig. 6.7.a Line WE 111, Williston Basin - western part, uninterpreted section. 
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Fig. 6.7.b Line WE 111, Williston Basin - western part, interpretation. 
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Similarly to the previous section, the lowermost reflection of the Tippecanoe 
Sequence from the Wimipe~Red River boundary has excellent reflection 
characteristics in this area. The reflections of this sequence have medium-high 
amplitude and moderate-good continuity. Truncation type reflection terminations can be 
detected against the upper boundary of the Tippecanoe Sequence. 
In the overlying Kaskaskia I Sequence the reflections are subparallel with good 
reflection characteristics. The extent of the Prairie Evaporite can be traced due to the 
strong reflections from its top and bottom. The reflection from its top terminates with an 
onlap just east of Well 28. Another reflection termination can be identified against the 
upper sequence boundary, which represents the erosional edge of the Three Forks 
Formation east of Well 27. 
The KaskasXia N Sequence is fairly thick in this block, even in the west, where 
the line is entering into the east-west trending Central Montana Trough. The excellent 
reflection from the top of the Bakken Formation is present all over this segment of the 
section. Numerous continuous, high-amplitude reflections can be distinguished from the 
overlying Madison interval. Some disrupted reflections could indicate the lateral facies 
changes in this succession. The topmost reflection terminations of the Madison interval 
can be seen at the base of the overlying Big Snowy Group in the west, suggesting 
erosional truncation. The Big Snowy Group strata thickens to the west showing the 
increasing sedimentation in the western part, in the Central Montana Trough. A 
truncation type reflection termination can be detected against the upper boundary of the 
Kaskaskia II Sequence between Well 28 and Well 29. This indicates again an erosion 
after the deposition of the Big Snowy Group. The location of the reflection truncation 
probably delineates the eastern limit of the late Mississippian Heath Formation in this 
section. 
The Absaroka Sequence is thicker in this section than in the previous line. The 
lower subsequence within the Absaroka (-Pennsylvanian) is present throughout the line. 
The reflection from its upper boundary has fairly good continuity. A westerly directed 
onlap type reflection termination, against the lower boundary of the Absaroka Sequence, 
just west of Well 29, suggests a transgression in that direction above the erosional 
surface. The middle sequence (-Permian) is present only east of the Poplar Dome, 
where its upper boundary terminates with an onlap against the lower sequence. Another 
onlap termination of the middle sequence can be suspected between Well 28 and Well 
29. The middle sequence also exhibits an overall transgressive pattern toward the west. 
The upper sequence (-Triassic) oversteps the middle sequence and blankets the whole 
area. A truncation type upper termination against the top boundary of the Absaroka 
Sequence reinforces the regressive deposition and the erosion that follows. 
The Zuni I reflections exhibit dual characteristics in this area, like they did in the 
areas to the north. Reflections of the lower unit (Piper-Rierdon) are subparallel and 
have excellent continuity and high amplitude. The unit is thicker in the western part 
indicating the shift in the depocenter at this time. This is in accord with the general 
character of the "Sundance Sea". The upper unit of the Zuni I Sequence has weak 
reflections which exhibit clinoformal configurations. These are the regressive. mostly 
clastic sediments of the Swift-Momson interval, which are deposited from the western 
source of the emerging Sevier Orogeny. 
The lower part of the overlying Zuni II - Tejas interval is dominated by 
subparallel reflections, where high-amplitude, continuous reflectivities alternate with 
shingled clinoforms. This arrangement represents shaleisandstone dominated 
transgressive-regressive cycles. This alternating pattern is preserved in the upper pan of 
the interval; however, here the clinoforms became more sigrnoid and definitely thicker 
than the subparallel, high-amplitude reflections. The internal structure (topsets, forsets) 
of the regressive delta sedimentation is visible and progradational patterns can be 
recognized. The increased temgenous sediments rnimor the effects of the increasing 
activity of the Laramide Orogeny west of the area. 
The structure of this interval is dominated by the Poplar Dome in the west and 
the Nesson Anticline in the east. The structural subdivision of the area recognized in the 
Fon Peck Indian Reservation can be extended south to the WE Ill regional seismic line 
(Fig. 2-10). The Poplar Dome is a NW-SE trending major fold and is located in the 
"Central Block" (Fig- 2-10,). 
The WE Ill reveals that the Poplar Dome is also bounded by faults, which dip 
toward the fold's axial trace and exhibit reverse displacement. Asymmetry of the fold in 
the profile is probably the consequence of the non-perpendicular orientation of the fold. 
The eastern boundary fault marks the border between the "Central Block" and the 
"Transition Zone". The layers in the "Transition Zone" dip at a higher angle to the east 
than do those in the "Williston Basin Element" in the east. 
East of the gap, in the eastern part of this stretch, the large Nesson Anticline 
dominates. Only the western boundary fault is covered by the seismic line. but similarly 
to the WE II profile, it dips toward the fold's axial trace, exhibiting a downward 
tightening pattern and a reverse displacement. It is important to mention that the Nesson 
Anticline is narrower and higher in this profile than in WE III, and the boundary fault is 
steeper. Another fault with reverse displacement can be observed west of the Nesson 
Anticline. Reverse displacement suggests an overall contractional deformation of the 
area. The nature and direction of the compressional forces can be established after 
analyzing the structures in 3D with the help of maps and the additional north-south 
seismic profiles. 
6.2.2 Eastern part 
This stretch of the WE ID line coven -180 krn, from the eastern flanks of the 
Nesson Anticline to the eastern margin of the Williston Basin (Figs. 6.8.a, 6). The 
reflections on a large scale exhibit a subparallel divergent pattern toward the west. Both 
wells along this interval reached the basement allowing a reliable interpretation even of 
the lowest sedimentary reflections. 
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Fig. 6.8.a Line WE 111, Williston Basin - eastern part, uninterpreted section. 
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The basement reflection is a moderately continuous. medium amplitude positive 
reflection, which can be traced in the area. 
Reflections of the Sauk Sequence terminate with eastward onlaps against the 
basement reflector, indicating the direction of the transgression. The Sauk Sequence 
itself thins considerably toward the east. The upper boundary of the sequence is a 
medium-to-high amplitude positive reflection with good-to-excellent continuity. Its 
continuity is somewhat decreased at the deepest part in the west. 
Like in other areas, the lowest reflection of the Tippecanoe Sequence 
(W innipeeRed River boundary) appears with superb reflection characteristics. The rest 
of the Tippecanoe reflections in the area have good continuity and medium-high 
amplitude. Within the upper part of the sequence some eastward onlap reflection 
terminations can be observed, which represent the transgressive character of the 
sedimentation. Reflection termination against the upper sequence boundary indicates 
erosional truncation. 
Contrary to the WE Ii line, onlap reflection terminations against the lower 
boundary of the Kaskaskia I Sequence can be identified in this section. This is the 
consequence of the orientation of this line at the southeastern margin of the Elk Point 
Basin, where transgressional features can be identified on profiles with this strike. The 
Prairie Evaporite is clearly detectable but fairly thin in this area, and the top reflector 
terminates against the bottom one with an onlap west of Well 32. The rest of the 
Kaskaskia I reflections show moderate-high amplitude and good reflection continuity. 
The reflection from the top of the Dawson Bay Formation exhibits again the best 
reflection characteristics. 
The lowermost reflection of the overlying Kaskaskia N Sequence represents the 
Bakken Formation. The formation itself is very thin, but due to its excellent reflection 
characteristics it is easily identifiable and can help to locate the lower boundary of the 
Kaskaskia II Sequence. Reflections of the successive Madison interval have moderate 
continuity and medium-high amplitude. As it was observed in other places. 
discontinuities of reflections in this series indicate facies changes. Some upper 
reflection terminations can be detected against the lower boundary of the upper part of 
the Kaskaskia II Sequence. This upper part represents the eastward thinning of the Big 
Snowy Group which is present here with the Kibbey and Otter formations. Truncation 
type reflection terminations against the upper sequence boundary delineate their extent 
to the east and indicate a widespread erosion. 
The tripartite pattern of the overlying Absaroka Sequence is observable again in 
the western end of the profile. The reflections of the lower (-Pennsylvanian) and middle 
(-Permian) parts terminate against the lower boundary of the upper sequence, indicating 
a major erosional period after the middle sequence. The reflection from the top of the 
middle sequence terminates with an onlap against the lower sequence. The upper 
sequence (-Triassic) is present in the whole area. Its reflections are disrupted in places 
and show terminations against the upper boundary of the Absaroka Sequence. indicating 
again a major erosional surface. 
The lower two reflections of the successive Zuni I Sequence. representing the 
Piper-Rierdon interval, are subparallel and have excellent reflection characteristics with 
high amplitude and good continuity. The reflections of the upper part (Swift) are less 
continuous and exhibit clinoforms with truncation-type terminations against the upper 
sequence boundary. 
The lower part of the Zuni II - Tejas interval has again overwhelmingly 
subparallel reflections, with high amplitude and excellent continuity, which alternate 
with less continuous reflections. The upper part can be described by the less continuous 
reflections with a clinoform pattern and sharp reflection terminations. This indicates an 
increasingly clastic sedimentation upsection. 
The structures of this flank of the basin seem more gentle than in other areas 
including the eastern part of the WE II line. This is because the axial plane folds of this 
area are at a very low angle to or parallel with the strike of the seismic profile fig. 
2.17). Nevertheless, at least two folds can be identified in this area. The asymmetry and 
the apparent width of these folds are the consequences of the geometric relationship 
mentioned above. Both folds are bounded by faults which dip toward the fold's axial 
trace. The folds tighten downward. Reverse displacement can be observed on the fold- 
bounding faults, like on other similar structural elements of the central part of the basin, 
suggesting an overall compressive type deformation in the area. 
6.3 NS I line 
The NS I regional seismic line extends -440 krn from Saskatchewan to South 
Dakota (Fig. 6.9). It traverses the deepest part of the Williston Basin and exhibits an 
asymmetrical pattern. This section can also be subdivided into two subsections. The 
apparent stratigraphic dip in the shorter "Northern pan" is larger than in the longer 
"Southern part". This is because this section closes the longer axis of the slightly 
NNW-SSE elongated Williston Basin at an angle (Fig. 4.1). Folding is apparent in both 
of the flanks, but the highest-amplitude fold is located in the central part. Unfortunately 
there are two - 15-20 krn gaps in this regional section. 
6.3.1 Northern part 
The northern part of the NS I line stretches along -220 km with a -20 krn gap in 
the deep part of the basin (Figs. 6.10.a, 6). All the wells along this interval were drilled 
into the Sauk Sequence; however, they did not reach the Precambrian basement. 
Nevertheless, the top of the basement reflector could be identified by correlation 
from the two east-west profiles and by the onlapping reflection terminations within the 
Sauk Sequence. 
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The Sauk Sequence itself is thicker in the central part of the basin; however, 
north of the reflection terminations its thickness is fairly uniform. The reflection 
representing the upper sequence boundary of the Sauk has high, positive amplitude and 
good continuity. 
The lowest Tippecanoe reflection (WimipeeRed River boundary) has again 
excellent reflection characteristics. The later reflections have moderate continuity and 
medium-good amplitude. Truncation-type reflection termination against the upper 
sequence boundary shows an apparent erosional surface. 
Intervals of the overlying Kaskaskia I Sequence and the sequence as a whole thin 
toward the south approaching the southern limits of the sedimentation in the Elk Point 
Basin. Kaskaskia I reflections do not exhibit terminations in this interval. Their general 
reflection characteristics are good. In the case of the Prairie Evaporite. the reflection 
characteristics are excellent and its upper and lower boundaries are clearly 
distinguishable. 
Based on reflection characteristics and correlation fiom other lines, the lower 
boundary of the overlying KaskasLia II Sequence is easy to identify. The Bakken 
Formation appears again unmistakably with a strong, continuous negative reflection. 
Reflections of the lower part of the Madison Group (Lodgepole-Mission Canyon) are 
moderate and show discontinuity, reinforcing the lateral facies changes in this interval. 
The upper part of the Madison Group (-Charles) shows a strong, subparallel, 
continuous reflection pattern, which is probably due to the layered anhydritic lithology 
of the succession. These reflections terminate upward against the bottom of the 
overlying Big Snowy Group. The reflection fiom the Big Snowy Group itself terminates 
against the upper boundary of the Kaskaskia 11 Sequence. 
The tripartite system of the Absaroka Sequence can be analyzed nicely in this 
section, too. The reflection fiom the top of the lower unit (-Pennsylvanian) terminates 
against the lower sequence boundary with an onlap, and so does the middle unit 
(-Permian) against the top of the lower unit. The upper unit (-Triassic) oversteps the 
lower two units and covers the whole section. One truncation-type reflection 
termination against the upper boundary of the Absaroka Sequence indicates the presence 
of an erosional surface. 
The lower part of the Zuni I Sequence (Piper-Rierdon interval) has subparallei. 
high-amplitude, continuous reflections. The upper part (Swift interval) exhibits shingled 
clinoforms with upper and lower reflection terminations, which indicate increasing 
temgenous clastic input. The contorted internal character suggests that the direction of 
the sediment source is at a high angle with the strike of the section (from west). 
The lower part of the overlying Zuni I .  - Tejas interval has high-amplitude. 
continuous reflections interbedded with less continuous ones, indicating a fluctuating 
transgressive-regressive sedimentation pattern. The upper part exhibits an alternating 
pattern, too; however, the intervals with less continuous reflections are thicker upsection 
and the reflections are contorted or sometimes sigmoid. Like in the sequence below, it  
represents increased clastic, delta-type sedimentation fiom a source out of the plane of 
the seismic section (from west). Strong downlap features are clearly visible in the area 
of Well 82 and Well 34. The apparent disruption of the downlapping reflection is an 
artifact of the offset in the section at Well 82 (Fig. 2.19). 
The structures of this area appear to be less dramatic than those in the previous 
sections. This is partly because the folds are virtually parallel with the profile, especially 
in the northern end of the section (Fig. 2.19). Nevertheless, a fault with normal 
displacement can be observed close to the northern end of the section. 
Further south however, downward tightening folds can be identified. These folds 
are also bounded by faults with reverse displacement and the faults dip toward the axial 
plane of the folds. The fold between Well 34 and Well 35 is apparently wider than the 
one west of Well 37. This is mostly because the plane of the profile crosses the axial 
plane of the first fold at a smaller angle than it does the axial plane of the second fold. 
This profile ends just on the Red Wing Creek structure (Fig. 2.22), which was originally 
interpreted as a meteoritic impact structure (Bridges. I W8), and later as an intersection 
of two major regional faults (Bridges. 1987). Due to the lack of total coverage of the 
structure, it can not be differentiated satisfactorily. 
6.3.2 Southern part 
The southern part covers -220 krn distance from the deepest part of the 
Williston Basin to its southern flank (Figs. 6.11.a. 6). Two out of four wells drilled 
along this interval reached the basement, which allows a reliable interpretation. 
The top of the basement reflector has a medium-to-high positive reflection with 
good continuity. 
The thickness of the Sauk Sequence is fairly uniform; however, some 
thickenin@iming, indicated by onlap reflection terminations can be observed against 
the basement reflector. This could indicate early tectonic activity andlor that the earliest 
sediments were deposited on and around "islands" (Lochman-Balk and Wil.~on. 1967). 
The reflection from the top of the Sauk Sequence has excellent continuity and high 
amplitude. 
The WimipeeRed River interface in the lower part of the overlying Tippecanoe 
Sequence continues to exhibit excellent reflection characteristics. The continuity of the 
rest of the Tippecanoe reflections is moderate and their amplitudes are high. Truncation- 
type reflection terminations can be identified against the upper sequence boundary. 
Reflections of the overlying KmkasXi~~ I Sequence terminate with southerly 
progressive onlap against the same boundary. It reflects the southward transgression of 
the Elk Point Sea. The southern edge of the Prairie Evaporite is delineated by an onlap 
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reflection termination against the reflection fiom the top of the Winnipegosis 
Formation. The lack of the usual excellent reflection characteristics of the Prairie 
Evaporite reflection can be attributed to the increased amount of Winnipegosis buildups 
at the region close to the erosional edge. At the southern end, the Kaskaskia I Sequence 
thins considerably and the still present reflection from the SaskatchewawJefferson and 
Three Forks groups have moderate-good continuity and mediurn-high amplitude. 
The typically excellent reflection characteristics of the Bakken Formation, in the 
lowest part of the KaskasXia I .  Sequence, are degenerated close to its erosional edge at 
Well 38. Reflections fiom the lower and middle part of the Madison Group (Lodgepole- 
Mission Canyon interval) have medium-good amplitude and are discontinuous in places. 
The nature of these reflections again suggests facies changes in this series. Reflections 
fiom the overlying Charles interval of the Madison Group have excellent reflection 
characteristics and they can be traced until they terminate with truncation against the 
reflection of the overlying Big Horn Group. The Big Horn Group itself, appears with 
good, continuous reflections, which terminate against the upper sequence boundary, 
indicating erosion in this area, too. 
The successive Absar-oku Sequence is considerably thicker than on the other 
profiles, and thins only moderately to the south. All three subsequences can be 
identified in this area. The lower sequence (-Pennsylvanian) has good retlection 
characteristics, but no obvious reflection termination can be detected. Similar attributes 
characterize the middle sequence (-Permian). The thickest, upper sequence (-Triassic) 
has medium-high amplitude reflections with moderate-good continuity. Some onlap 
termination can be observed, which indicates the relative direction of the transgression 
in this section. 
The lower part of the next Zuni I Sequence exhibits subparallel reflections, with 
high amplitudes and excellent continuity reflection characteristics. No reflection 
termination is apparent in this interval. The upper part (Swift) can be described by weak 
continuity and medium-high amplitude reflecting high-energy, terrigenous 
sedimentation. Occasional reflection terminations are detectable, but their directions are 
not consistent, indicating out-of-plane sediment sources. 
The lower part of the overlying Zuni II - Tejas interval shows, similarly to other 
areas, an alternating pattern; however, the thickness of the individual transgressive and 
regressive intervals changed. The transgressive intervals with subparallel, high 
amplitude, continuous reflections are thinner than the regressive intervals with 
moderate-high reflection amplitudes and weaker continuities. In the upper part, major 
differences can be observed in addition to the increased thickness of the regressive 
intervals with cl inoforms. Within one specific regressive interval, where increasing 
terrigenous sediment influx is assumed, the internal pattern of the unit is complex. with 
a complicated reflection termination arrangement. Beyond the fact that the primary 
sedimentary source is fiom out of the plane of the profile (from the west). two major 
source directions can be identified. 
The structure of this stretch of the NS I regional profile is fairly simple. Like at 
its northern end, the strikes of the structural noses and fold axes are generally parallel 
with the strike of the profile (Fig. 2.20). Nevertheless, wherever folds cross the section 
at a low angle they can be detected, with variable asymmetry. Downward tightening 
folds can be observed in the region around Well 38, between Well 39 and Well 40 and 
around Well 4 1. The fold-bounding faults exhibit reverse displacement, which was also 
observed on the previous regional profiles. 
Additionally, faults with normal displacement can be detected at the southern 
end of the line. This tectonic configuration (i.e., compression in the center and extension 
in the flanks) was also observed in previous profiles. 
6.4 CA I line 
The CA I regional seismic profile coven almost 500 km (Fig. 6.12). It also can 
be subdivided into a "Northern part" and a "Southern part". Its northern end in Canada 
runs parallel with NS I (Fig. 2-19), but south of the international border it is identical 
with NS I; consequently, only the northern part will be discussed. Obviously the profile 
exhibits the same large-scale asymmetric character with a steeper northern flank. Since 
this profile extends further toward the north, it reveals more of the structures of this 
flank of the basin. 
6.4.1 Northern part 
The northern part of the CA I regional line is -190 km long (Figs. 6-13.a, b). 
Only the northernmost 100 km section, which runs through Canadian territory, differs 
From the northern part of NS I. This profile traverses Zhu's (1992) east-west regional 
seismic section of the northern Williston Basin. 
No additional onlap termination against the basement reflector could be 
identified in this 100 km interval. 
The Sauk Sequence itself is fairly uniform here and shows only minor thinning 
toward the north. 
The reflection from the Tippecanoe WimipegRed River interface continues to 
exhibit excellent seismic characteristics. A minor decrease in amplitude and continuity 
can be observed on the later Tippecanoe reflections. An additional truncation type 
reflection termination against the upper sequence boundary shows that the post- 
Tippecanoe erosion affected this area as well. 
Reflections of the successive Kaskashia I Sequence have superb reflection 
characteristics and actually they are somewhat better than they were in the areas to the 
south. The Prairie Evaporite stands out prominently. No reflection terminations of this 
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sequence can be identified, however. This is probably because this part of the section is 
getting further away from the erosional edges o f  the Elk Point Basin. 
The reflection from the Bakken Formation of the overlying Kuskuskia I! 
Sequence preserves the excellent reflection quality in this area. The Madison Group 
reflections continue with similar characteristics to those in the south and west- There are 
more reflection terminations against the upper sequence boundary as compared to the 
parallel running NS I line. The observable limit of the Charles salts indicates that the 
section approaches the northern erosional edge of this interval. The northern erosional 
limit of the Big Snowy Group, as identified on the NS I line, is around Well 34. 
The lower two sequences (-Pennsylvanian and Permian) of the dbsaroka 
Sequence are not present north of the international border, along this section. The upper 
sequence (-Triassic) thins progressively toward the north. Additional truncation type 
termination against the upper boundary of the Absaroka Sequence suggests large-scale 
erosion in this northern area, 
The Zuni I Sequence continues to exhibit a dual character. Although the whole 
sequence thins toward the north, the lower unit with high amplitude, continuous 
reflection progressively thickens relative to the upper unit in that direction. Moreover 
the northern extremes of the reflections of the lower unit have a somewhat decreased 
continuity, which could indicate an increasing marginal marine environment to the 
north. Reflection terminations of the reflections of the upper unit (-Swift) can be 
detected in this stretch as well. 
The Zuni I1 - Tejas interval preserves the general dual character; however, the 
gross thickness of the succession is significantly less than to the south. Both lower and 
upper units exhibit a typically alternating transgressive-regressive character. In the 
lower part, the seismic representation of the two sedimentary environments appears 
more or less of equal thickness. In the upper part, the regressive environment with 
occasional clinoforms and less continuous reflections get thicker relative to the 
transgressive interval, mirroring the increasing tenigenous material in the basin. 
The structure of this area is obviously similar to that of the neighboring pan of 
the NS I section. North of the asymmetric, downward tightening fold, a normal fault can 
be detected. This fault appears also on the parallel part of the NS I line. suggesting an 
east-west striking and southerly dipping fault. 
An additional fault, with similar normal displacement can be clearly identified 
close to the northern end of the profile. This arrangement of faults underlines the 
extensional nature of the faults in the flanks of the basin. 
6.5 NS 11 line 
The last 400-km long NS II regional seismic profile (Fig. 6.14). like its NS I 
counterpart, exhibits a similar asymmetric character, with a steeper northern flank. It 
runs right from the American side of the international border, traversing the state of 
North Dakota, to South Dakota. Overall, the basin in this cross section is narrower and 
the total sedimentary column is thinner than in the previous north-south profile. This is 
due to the relatively more marginal position of this profile. Nevertheless. the structures 
along this profile are apparently larger than those in NS I or CA I. Unfortunately, there 
is a 62-km gap in the deepest part of the section. The section can be divided into a 
"Northern part" and USouthern part" relative to this gap. 
6.5.1 Northern part 
This part in the northern flank of the basin covers -1 10 km distance (Figs. 
6.I ia ,  b). Correlation from the two east-west profiles and the three deep wells along 
this interval allow a reliable interpretation. 
The top of the basement can be identified as a continuous, positive, high- 
amplitude reflector throughout the area. 
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Reflections of the Sauk Sequence have good reflection characteristics. but 
contrary to the other lines. here no onlap termination is apparent against the lower 
sequence boundary. A truncation type upper reflection termination is detectable in the 
deeper part suggesting an erosional surface. 
The northward thinning Tippecanoe Sequence exhibits again an excellent 
reflection from the WinnipegRed River interface. The later reflections have lower 
continuity and smaller amplitude. Reflection termination against the upper boundary of 
the Tippecanoe Sequence can be identified in the vicinity of Well 44. 
The southward thickening character of the overlying Kuskaskia I Sequence 
reflects well the different tectonic framework of the Elk Point Basin sedimentation. The 
lower part, the Elk Point Group, appears with superb reflection characteristics. The 
upper and lower boundaries of the Prairie Evaporite are clearly visible. Reflections from 
the rest of the sequence exhibit medium-high amplitude character with moderate-good 
continuity. No apparent reflection termination suggests considerable distance from the 
erosional edges. 
The lowest reflection from the top of the Bakken Formation of the Kaskaskia II 
Sequence is unmistakable. The overlying Madison Group appears with reflections with 
moderate amplitude and weak-medium continuity, suggesting lateral facies changes in 
this area as well. Reflections of the upper, Big Snowy part of the sequence terminate 
against the upper sequence boundary, indicating the erosional edges of the formations of 
this interval. 
The successive Absaroka Sequence shows a general wedge shape, with the 
thicker part to the south. The three units identified elsewhere can be traced in this 
section as well. The lower unit (-Pennsylvanian) terminates against the lower sequence 
boundary at Well 43, while the middle unit (-Permian) terminates against the lower unit 
south of the same well. The upper unit (-Triassic) covers the whole area thinly and 
exhibits truncation type reflection terminations against the upper sequence boundary. 
The lower part (Piper-Rierdon interval) of the overlying Zuni I Sequence 
displays subparallei, continuous reflections with high amplitude. The upper part 
(-Swift) exhibits shingled clinoforms with upper and lower reflection terminations. 
indicating terrigenous input. No obvious source direction can be deduced from this 
section. 
The lower part of the overlying Zuni 11- Tejas interval shows a subparallel gross 
character, with alternating continuous, high-amplitude and moderately continuous, 
medium-amplitude reflections. The upper part is progressively dominated by units with 
clinoform and less continuous reflections (regressive series). The two major terrigenous 
sediment source directions, out of the plane of the section (from west). which were 
identified on NS I, are detectable, but not as apparent as they were there. 
The structures of this north-south line are more apparent. This is because the 
folds and structural noses traverse the section at higher angles (Figs- 2.13 and 2-23), 
making those structures more obvious. The downward tightening character of these 
folds is distinct. The fold-bounding faults, as in other central areas of the basin, dip 
toward the folds' axes and exhibit reverse displacement. The apparently progressively 
narrower and less asymmetric folds toward the south are the consequence of gradually 
higher intersection angle of the seismic section and the otherwise basin-center plunging 
folds. 
6.5.2 Southern part 
South of the gap, the regional profile stretches across -220 km (Figs. 6.16.a and 
6). Three out of four wells along this section reach the basement. This advantageous 
information helps to identify the otherwise weak basement reflector. 
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The Sauk Sequence contains fairly weak reflections; however, onlap reflection 
termination against the basement is clearly detectable north of Well 46. 
The reflection characteristics of the WinnipeeRed River interface of the 
Tippecanoe Sequence are still excellent, but toward the south the reflection is somewhat 
less continuous. The subsequent Tippecanoe reflections have weak continuity and 
moderate amplitude. Reflection terminations against the upper sequence boundary are 
detectable in the central part. 
The overlying Kaskaskia I Sequence thins dramatically toward the south. The 
lowermost Elk Point Group is present only in the deepest part. The reflection fiom the 
top of the Winnipegosis Formation terminates with onlap against the lower sequence 
boundary north of Well 46. The Prairie Evaporite reflection terminates against the 
Winnipeg reflection with onlap south of Well 45. The rest of the Kaskaskia I reflections 
have variable amplitude with medium continuity. 
The lower boundary of the successive Kaskaskio I1 Sequence can be easily 
defined with the help of the reflection fiom the top of the Bakken Formation. South of 
the erosional edge of the Bakken (south of Well 47), identification of the sequence 
boundary is more difficult. Reflections from the Madison part of the sequence are 
discontinuous and have medium-high amplitudes. Higher amplitudes can be observed in 
the central part fiom the interfaces within the Charles Formation. The upper, Big Snowy 
reflections show a similar range of amplitudes but better continuities than the Madison 
reflections do. Occasional reflection terminations against the upper sequence boundary 
indicate an erosional phase. 
The three units of the overlying Absaroka Sequence can be identified in this area 
as well; however, no reflection terminations can be identified in this section. The 
sequence itself gradually thins toward the southern flank of the basin. The reflections 
have medium-high amplitude and moderate-good continuity. 
The Zuni I Sequence again exhibits two different characters. The lower pan 
appears with subparallel, high-amplitude, continuous reflectors. Oniap termination is 
observable against the lower sequence boundary just south of Well 46. The upper part 
shows up with moderately continuous, good reflections, with clinoforms. Non- 
directional arrangement of the clinoforms suggests out-of-plane primary sediment 
influx. 
The lower part of the Zuni I1 - Tejas interval exhibits a subparallel reflection 
panern. Contrary to the areas to the west of here, the transgressive units dominate and 
the regressive intervals with shingled clinoforms are subordinate. This arrangement is 
due to the fact that during thls time the area was fbrther away from the terrigenous 
sediment sources in the west. In the upper part the thickness relation of the transgressive 
and regressive intervals switched. The regressive units with large clinoforms indicate 
the final fill up of the basin with sediments eroded fiom the emerging Rockies. 
The structure of this stretch is similar to the rest of the areas. Downward 
tightening folds are recognizable and the fold-bounding faults have reverse 
displacement. 
6.6 Summary of general reflection characteristics in the study area 
In large scale, the Paleozoic (-Sauk-Absaroka) strata appear in subparallel, 
sheet-like continuous reflections indicating a primarily low-energy environment. The 
reflections virtually coincide with lithostratigraphic units. The Zuni - Tejas interval 
shows increasing terrigenous influx with a growing amount of clinoform. Reflections do 
not coincide with lithostratigraphic units. Obviously, within these two mega-scale 
subdivisions there are intervals which deviate fiom the general character of the given 
unit. 
The Precambrian basement reflector is variable in the study area. In some places 
it is fairly easy to trace, in other places it can be identified with the help of synthetic 
seismograms and correlation From traversing sections. 
The Sauk reflections are distinguishable and they exhibit numerous onlaps 
against the basement. These indicate the general direction of the transgression and in 
some places delineate "islands" (Lochman-Balk and Wilson, 1967). The upper sequence 
boundary is more easily identified in the western pan where there is a sharp lithic 
contact between the strata above and below the boundary (Deadwood-Winnipeg). In the 
east where the lithology is similar (Lochman-Balk and Wilson. 1967). the upper 
sequence boundary can be delineated with the help of the lowermost Tippecanoe 
reflection. 
This Tippecanoe reflection is the WinnipepRed River interface. which exhibits 
excellent reflection characteristics where it is present. The rest of the Tippecanoe 
reflections are fairly continuous and reflection terminations against the upper sequence 
boundary in the central part of the basin are frequent in most profiles. 
The different paleotectonic configuration of the KaskasAia I Sequence is 
identifiable on the regional profiles. The southeasterly direction of the transgression of 
the Elk Point Sea is clearly traceable with progressive onlaps in this direction. 
Reflections, in general, have good continuity and high amplitude. Exceptionally good 
reflections can be detected from the upper and lower boundaries of the Prairie 
Evaporite. 
The lower sequence boundary of the overlying Kaskaskia IN Sequence is easily 
traceable where the Bakken Formation is present, with its superb reflection 
characteristics. Where the Bakken is not present, the identification of the sequence 
boundary is somewhat more difficult; however, synthetic seismograms help a great deal. 
Reflections of the Lodgepole and Mission Canyon parts of the Madison Group are less 
continuous in most places. Contrary to the lower parts of the Madison, the upper part 
(Charles Formation) appears with high amplitude, continuous reflections. Reflections of 
the uppermost part of the Kaskaskia U Sequence, the Big Snowy Group. are 
distinguishable from the Madison reflections by the different nature of their reflections 
and by onlap reflection terminations against a surface separating the Big Snowy and 
Madison units. The extent and the transgression direction of the Big Snowy Group are 
clearly identifiable and its increased thickness in the Central Montana Trough is 
apparent. 
The Absaroka Sequence is fairly thin in the whole area, but its tripartite system 
is identifiable especially in the central part of the Williston Basin. There is no intemal 
reflection distinguishable from the lowermost two units (-Pennsylvanian, Permian) and 
they are limited to the very central and southern areas of the basin. The upper unit 
(-Triassic) covers a much larger area and exhibits numerous truncation type reflection 
terminations against the upper sequence boundary, indicating widespread erosion. 
The pattern of sedimentation changes in the Zuni I interval. Nc clear correlation 
can be made between reflections and lithological boundaries. Reflection terminations 
delineate transgressive and regressive intervals. In the Zuni I the thickness ratio of these 
intervals is more or less equal. The transgressive series are identified with more 
continuous and higher-amplitude reflections, while the regressive series show a 
primarily shingled c linoform character. 
The Zuni II - Tejas interval is similar to Zuni I; however, in the upper part the 
regressive units are increasingly thicker. In some of the regressive series, the internal 
seismic characteristics (clinoforms) suggest a prograding-delta sedimentary 
environment. In large scale, the source direction from the west is apparent and in an 
interval two major sources can be distinguished with the help of north-south profiles. 
6.7 Summary of the structures in the study area 
Regional seismic profiles are fundamental to establishing the regional character 
of folds and faults. Additional regional seismic profiles in different directions fUnher 
improve the understanding of the structural interrelationships by supplying a quasi- 
three-dimensional fi-amework. 
The fundamental importance of the structural interpretation of the regional 
sections is that in the central part of the basin all of them show contractional 
deformation expressed by folds, which are bounded by faults with reverse displacement. 
These faults dip toward the axial traces of the folds they bound (Figs. 6.Xa and b; 6.5.a 
and b; 6. %a and b; 6.8.a and b; 6.lO.a and 6; 6.1 1.a and b; 6.13.a and b; 6.14.a and 
b; 6.15.a and b). 
The directions of the folds are in accord with the structural maps of the area. The 
folds generally plunge toward the basement center. Asymmetry of the folds on the 
seismic profiles is apparent, due to the varying angle between the folds' axes and profile 
directions. 
Another interesting finding is that, in the flanks of the basin, extensional faults 
can be identified. For instance, where two regional lines are close and parallel (northern 
end of NS I and CA I), the same normal fault can be identified on both sections (Figs. 
6.10.a and b; 6.I3.a and b). This indicates that the strike of this normal fault is actually 
circumferential with the oval-shaped Williston Basin. 
In the western end of WE II, where no other regional profile runs close, no 
quasi-three-dimensional picture can be given. Nevertheless, the interpretation is in 
harmony with the regional geology. Thrust faults in the Foothills, major regional trends 
(Pendroy fault, Scapegoat-Bamatyne trend) and structures (Sweetgrass Arch, Bearpaw 
Mountains) are all identified. 
CHAPTER 7 
TECTONOSTRATIGRAPHIC SYNTHESIS AND BASIN EVOLUTION 
MODEL 
A synthesis of the interpretation will be conducted in two main steps. The first 
addresses the large-scale tectonic evolution of the basin as a whole. The model proposed 
here is based primarily on the reprocessed regional seismic sections obtained in this 
study and the available (public domain) structural information of the basin at various 
scales (local. sub-regional structural and thickness maps, earthquake data, etc.). The 
second will elucidate the gross sequence stratigraphic character of the Zuni - Tejas 
interval, which represents the significantly larger part of the Phanerozoic sedimentary 
succession of the Williston Basin and its adjacent areas. 
7.1 Tectonic evolution of the Williston Basin area 
It is widely recognized that the tectonic evolution of the Williston Basin area can 
be subdivided into two major phases: the Sauk-Absaroka intracratonic basin phase. and 
the Zuni-Tejas foreland basin phase. These two phases left fundamentally different 
structural marks on the basin as a whole. Their structural expressions (faults, folds and 
structural noses) can be observed in the basin. Analysis of the structural attitudes of 
these features can shed light on the tectonic forces which caused them. Fig. 7.1 shows a 
compilation of axial traces of folds and structural noses in the basin. Most of the folds 
and noses experienced recurrent movement throughout the Phanerozoic.Clearly the map 
is not complete. During the compilation from numerous public-domain sources (oilfield 
maps, sub-regonal maps, scientific papers, etc.), effort was made to collect the original 
data. Special attention was given to exclude interpreted data since in many instances the 
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Fig. 7.1 A compilation of fold trends in the Williston Basin. 
indicated structural directions had been modified to fit a given tectonic model. Clearly, 
the structural directions show a complex pattern, and hence cannot be described as a 
simple structural consequence of the NW-SENE-SW conjugate set of basement faults. 
More carefd analysis reveals that the gross pattern of the axial traces of these structures 
shows a recognizable radial pattern centered in west-central North Dakota. This should 
not be surprising, since this area is located in the deepest part of the generally oval- 
shaped, axisymmetric Williston Basin. It is necessary, therefore, to address the problem 
of axisymmetric deformation and its applicability in basin-scale studies, especially in 
intracratonic basins. 
7.1.1 Axisymmetric deformation 
Stress states are described conventionally by their components in a Cartesian 
coordinate system (Anderson 1951). These stress components are the vertical stress (a,$. 
the greatest horizontal stress (aH) and the least horizontal stress (oh). Based on the 
relative magnitudes of stress components in such a system, three, different arrangements 
of the stresses are possible resulting in three different stress regimes (normal fault 
regime, strike-slip fault regime and the thrust fault regime). 
In an area subjected to axisymmetric deformation this approach can not fully 
describe the internal deformation of the whole affected area. In this case the polar 
coordinate system should be used instead of the Cartesian system. Thus the three 
stresses are the vertical stress (a,.), the radial stress (ad and the hoop [cirrumferentiaf, 
tangential' stress (od. The stress directions on a spherical surface, such as the face of 
the Earth, are shown in Fig. Z2. Obviously the stress regimes in this system depend on 
the magnitude of these principal stresses; however, the structural directions are 
different. A simple example of axisymmetric deformations is the "bar-stool effect" 
(Lisle er al.. 19901, which is the production of radially arranged wrinkles in the 
upholstery cover when depressed into a basin by the weight of the occupier (Fig. 7.3). 
Obviously a more sophisticated analysis is required to apply this effect to cratonic basin 
subsidence. 
0, Vertical stress 
Our Radial stress 
GO Hoop (circumferential, tangential) stress 
Q Axisyrnmetric load 
Fig. 7.2 Stresses in a spherical shell during axisymrnetric loading. 
Fig. 7.3 "Bar-stool effect". 
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7.1.1.1 Similar structures in different environments 
Tanimoto 0997) showed that unlike displacement. the state of stress is 
significantly affected by the Earth's sphericity. He also demonstrated that large 
compressional stresses are produced in subduction zones in the trench-strike direction 
when the spherical shell is bent downward. These compressional features. consisting of 
a series of arcs and cusps (Fig. 7.4), have previously been observed and modeled 
(Bay(k7, 1982; Yamaoka et ai.. 1986; Yamaoka and Fukao. 1987: Fukao et al.. 1 987. 
Yamaoka. 1988). These worker all considered these cusps, which strike perpendicularly 
to the trench, as compressional features that result in buckling of a spherical shells. The 
compressive stress is largest at the deepest level. A different, extensional stress state 
occurs in the region where the subducting lithospheric plate is bent down and extended. 
Normal faults of this region strike parallel to the trench (Fig. Z4). 
The Earth's sphericity can influence the structural evolution of other tectonic 
environments. In the continental lithosphere, due to the extended thickness, the effects 
of sphericity are subtle but identifiable. In the Rocky Mountains Foreland Basin, during 
the later phases of the Laramide Orogeny, east-west trending uplifts, due to north-south 
compression, were observed in a general east-west compressional environment (Gries. 
29/33). Gries (1983) ruled out the possibility of the role of strike-slip lineaments on these 
structural features in Wyoming, Utah and Colorado. The east-west trending uplifts. 
which in many cases contain hydrocarbons, are generally bounded by reverse 
(contractional) faults on their northern and southern sides, which dip toward the axial 
trace of the uplifts (folds). These uplifts can be also considered as buckling 
longitudinally along the strike of the foreland basin. The uplift and east-west extension 
of the forebulge area represent a bending-related extensional zone similar to that 
observed in the oceanic lithosphere (Fig. 7.4). 
Similar to linear or quasi-linear subduction zones and forelands, structural 
analog can be found in the axisymmetric intracratonic environment. Compressional 

cusps and uplifts, trending perpendicularly ro the subduction zone and foreland, are 
analogous to the radially arranged folds in the cratonic environment (Fig. %4). The 
extensional faults striking parallel to a subduction zone and a foreland basin, are 
analogous to the circularly arranged extensional features at the flanks of a cratonic 
basins (Fig. 7.4; cf. "dynamic rim" of Dallmus [ I  9581, Fig. 3.1.6). The magnitude and 
extent of these structures in cratonic basins are smaller than those in the foreland (tens 
of meters vs hundreds of meters). 
Both compressional and extensional stmctural styles are observed in the regional 
seismic profiles of the Williston Basin. Compressional features in the central region and 
extensional structures in the flanks can be attributed primarily to axisymmetric 
deformation. This statement, however, requires further explanation. Numerous 
mathematical models and analog experiments have addressed the question of 
deformation due to axisymmetric loading. Axisymmeuically deformed structures are 
readily observed both on a smalVmedium scale (domes) and on a planetary scale. On the 
scale of a large, terrestrial basin, however, this type of deformation was not recognized. 
The reason for this failure wiIl be described below. 
7.1.1.2 Mathematical models of axisymmetric deformation 
Mathematical analysis of fault patterns associated with circular domes has 
shown that radially striking normal faults are expected in the central area, while 
circumferentially striking thrust faulting is predicted along the flanks together with a 
zone of intervening strike-slip faults (Figs. 7 .5 .~  & b) (Withjack and Scheiner. 198-?). 
Janes and Melosh (1990) also arrived at the same conclusion and extended the analysis 
to axisymmetric subsidence. In that case the same structural features are predicted, but 
in the opposite sense (i.e., radially arranged reverse faults in the central part which are 
separated by strike-slip faults from the circurnferentially arranged normal faults along 
the flanks (Fig. 7.5). 
+ : center of the axisyrnmetric load 
(uplift) 
U IS 3 0  
Colmdtudc (rrlativt o tbc center of the load) 
- : center of the axisymrnetric load 
(subsidence) 
(d) 
Fig. 7.5 Conceptual model for development of structural features due to axisyrnmctric 
lithospheric load (adapted from Janes and Melosh, 1990); (a) Lithospheric uplift, 
surface stresses [positive-extension], (b) Tectonic styles associated with axisymmetric 
uplift, (c) Subsidence, surface stresses [negative-compression], (d) Tectonic styles 
associated with axisymrnetric subsidence. 
Schultz and Zuber (1994) showed theoretically that the annular zone of strike- 
slip faults around an axisymmetric load cannot exist. Planetary studies confirm this 
conclusion. They emphasized that a lithosphere with faults should be treated as a plastic 
material, because the elastic equations are not applicable to a fractured 1 ithosphere. 
7.1.1.3 Experimental models of axisymmetric deformation 
Experimental models of axisymmetric uplift exhibit radially arranged 
extensional faults in the central part of the model pithjack and Scheiner, I982), but do 
not show any strike-slip deformation zone, thus confirming the above stated conclusion 
of Schultz and Zuber ( 1994). The closest analog experiment to axisymmetric subsidence 
was conducted by Ghosh and Ramberg (1968) and Ghosh et al. (1995). 
7.1.1.4 Planetary analogs for axisymmetric deformation and comparison with the 
Earth 
There are numerous planetary analogs of radial and circumferential structures 
associated with both compressional and extensional stress states due to axisymmetric 
loading. The well-studied gigantic Tharsis Rise on Mars exhibits radially arranged 
extensional features due to lithospheric processes (Fig. 7.6). On Venus. 163 large 
(radius > 100 km) radial lineament systems of grabens, fissures and fnctures have been 
revealed (Grosfils and Head. 1994; Ernst et al., 1995). According to Grosfils and Head 
(1994), these radial features were formed by subsurface dyke-swarm emplacement 
andor through uplift, while others (Jones and Squyres. 1993; Koch. 1994; Walters and 
Janes, 1995) attribute their existence to structural emplacements above ascending 
mantle diapirs or mantle blobs. One such example is shown on Fig. %7, which 
illustrates the general radial and circumferential arrangements of the structural features 
in the central part and in the flanks, respectively. Several comparisons were made by 
these authors with respect to the Earth. Although numerous large-scale dyke swaxms can 
be found on Earth, they are often dismembered and distorted by plate-tectonic rifting 
events. Radially fractured domes, on the scale observed on Venus, are virtually 
unknown on Earth (Janes and Squyres. 1993). One major difference between the two 
Fig. 7.6 Structures of the Tharsis region, Mars. 
(Sleep and Phillips, 1 985; Pichlre source: NASA). 

planets is that Venus was entirely resurfaced 0.5 G.a. ago and lacks any plate tectonic 
processes (one plate only). This has made it possible to preserve these features, while on 
Earth the continuous creation and destruction of the crust has erased the remnants of 
similar structures. Another reason is that, ironically, only 5% of the oceanic sea floor of 
the Earth, where these structures are primarily expected, has been imaged at a resolution 
comparable to that obtained for Venus. To date only one area in the oceanic lithosphere 
(southwestern Caribbean Sea) has been identified as a radially fractured dome 
(Christoflerson and Hamil. I 9 78) (Fig. Z 8). 
The obvious locations where these kinds of structural features should be 
preserved are the intracratonic areas, far from plate tectonically active zones. Here. 
erosion and the sedimentary cover make it difficult to identify these features. Most of 
the cratonic basin models require some kind of mantle involvement and uplift for the 
origin of the cratonic basin (Section 3.I). The general axisymmetric geometry of these 
basins is revealed by their oval shape. During cratonic basin subsidence, radial 
compressive and concentric extensional structures can be expected, due to axisymmetric 
lithospheric loading (D. M. Janes, personal communication). One of the rare exceptions 
of radial and circumferential structures is identified by Schultz-Ela et al. (1994). At the 
Upheaval Dome in Utah they decribed peripheral extensional features and compressive 
stuctures (radial thrusts) in the core area. 
Axisymmetric deformation of cratonic basins must be put in the context of the 
whole evolution of the basin. First of all, in the present case, it should be determined 
whether or not the axisymmetric theory is applicable to the Williston Basin. In other 
words, how circular (axisymmetric) has the basin been throughout its history? 
7.1.1.5 Bivariate normal-probability surface approximation of the geometry of the 
Williston Basin 
Establishing the exact limit of the Williston Basin - or, in fact, of any basin - is 
elusive because of recurrent erosion. This problem of erosion and the resultant 
ambiguity concerning the extent of the Williston Basin can be avoided by studying the 
basin geometry as was done by Scherer 11973), Sloss and Scherer (1974) and Sloss 
(1987; 1991). 
Their basic idea (i.e., applying a bivariate normal-probability (or Gaussian) 
surface to thickness values) was stated in Section 3.1.6. The advantage of this approach 
is that it is not necessary to know the extent of the basin. Using the basin descriptors, 
especially the changes in the inflection ellipse, the variations in the shape and extent of 
the basin for each sequence can be monitored. Here a similar approach has been 
adopted: however, some important modifications have been incorporated. 
Previous workers used digitized thickness maps as the input data, whereas in this 
study the input data are the thickness values taken directly from the wells, thereby 
reducing the errors that occur during map creation. Furthermore, the model is extended 
to each of the major stratigraphic sequences. In contrast, the earlier studies were limited 
to the Kaskaskia I (Devonian) sequence only. Yet another addition is the inclusion of a 
linear function to simulate the tilting of the basin area - a step not incorporated in the 
earlier work cited above. 
The primary goal here is to determine both the center of the basin (position of 
maximum thickness) and the inflection ellipse of a given sequence. The inflection 
ellipse is considered to be the deformation ellipse, which helps to define how circular 
(axisymrnetric) the basin was during a given stratigraphic sequence. A circle would 
reflect that axisymrnetric deformation is the primary cause of the deformation of the 
basin; an ellipse would indicate that external (lateral) forces were applied to the basin, 
and had overprinted andlor replaced the axisymrnetric load. The relative changes of the 
ellipses' parameters for consecutive sequences that are the important measures of 
tectonic evolution. 
Some important points should be stated here. This robust approach yields a 
rough estimate of the shape of the basin as a whole and should therefore be considered 
as semi-quantitative. Effects of the internal structures mentioned earlier are obviously 
disregarded, since the aim here is to determine the change of shape of the basin in a plan 
view. Using a "flat Earth" model, instead of a spherical surface model is unlikely to 
pose a problem. The differences are probably minimal, in the range of kilometers. 
A special effort was made to collect a reasonable number of thickness values fiom the 
map area and as uniformly as possible (Fig. 7.9). Zero-thickness values, fiom areas 
where a given sequence is absent or eroded, are ignored to avoid creating artifacts. 
Numerous sources, including those in the public domain, were used to obtain these 
thickness values. These data were then referenced to a rectangular (north-soutldwest- 
east) coordinate system. 
The bivariate normal-probability (Gaussian) function (Yule and Kendall. 1950) with a 
linear function added is: 
+b x+b?y+c (Eq. 7. I ) 
where w is the thickness value; ol and a? are the x and y coordinates of the center of the 
subsidence; a, and uj are the distances of the center of the basin and the inflection 
points in the I and v directions; e is the parameter which indicates the rotation of the 
principal axes from the x-y coordinate system; bl and b2 are the tilt of the plane in I and 
y direction and c is a constant. The values are determined by a trial and error forward 
modelling procedure. The primary goal is to find the parameters of the inflection ellipse, 
namely the location of the center of the ellipse, the lengths of the principal axes and the 
angle of rotation of the principal axes with respect to the coordinate system. The 
location of the center of the ellipse is readily available from Eq. 7.1 as a, and a2. The 
m Meridian 
0  Well location 
< 
Fig. 7.9 Wells used for normal-probablity basin modeling. 
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other three parameters can be calculated from the following equations (Yule and 
Kendull. 1950). The two principal axes (ZI and Z2)  of the ellipse and the angle of 
rotation (69) are: 
(Eq. 7.2) 
O.:+~qq~(L&/ J42+ 0.2-~44 J(1-d) 
Z, = (Eq. 7.3) 
2 
2Pic tan@ = , -I (Eq. 7.4) 
4- - a,- 
The results for the seven stratigraphic sequences are shown in Figs. 7.10. a-g. 
and Fig. 7.11. When analyzing the results some important observations should be made. 
As expected, the resulting thickness distributions of the calculated intervals do not show 
dramatic differences from the thickness maps (Figs. 2.3 and 2.4). Nevertheless. the 
results have produce a semi-quantitative solution, which allows some general 
conclusions to be made concerning the shape of the basin throughout its evolution. 
It is obvious that the center of the basin during the Sauk - Absaroka interval, 
with the notable exception of Kaskaskia I, is located within a small area in west-central 
North Dakota. This agrees with the results obtained by Ahem and Mrkvicka (1984). The 
maximum sedimentation in the Zuni I and Zuni I1 - Tejas sequences is offset to the 
northwest (Figs. 2.4.b-d). Nevertheless, the Williston Basin sti 11 preserved its character 
even after it became part of the foreland basin. The principal axes of the ellipses are 
more or less equal in the Sauk - Absaroka interval, again with the exception of 
Kaskaskia I. Consequently, the basin shape is circular and the angle of rotation of the 
principal axes becomes irrevelant. Circularity also means that the primary cause of 
subsidence during this interval was axisymmetric and no significant lateral force was 
Fig. 7.10 Bivariate normal distribution of the sequences in the Williston Basin. 
(a) Sauk Sequence; (b) Tippecanoe Sequence; ( c )  Kaskaskia I Sequence; 
(d) Kaskaskia II Sequence. 
Fig. 7.10 Bivariate normal distribution of the sequences in the Willston Basin (cont.). 
(e) Absaroka Sequence; (f) Zuni I Sequence; (g) Zuni I1 - Tejas interval. 
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Fig. 7.1 1 Centers and inflection ellipses of the modeled sequences in the Williston Basin. 
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applied to the basin. The significant result is that the model invoking a W / S E  - 
SWME set of vertical faults is not applicable during the duration of these sequences. 
The notable exception is, of course, the Kaskaskia I Sequence (Devonian), when 
the basin's configuration is fundamentally different from the bounding sequences. The 
larger, plate-tectonic causes of the geometry of this "Elk Point Basin" (Section 2.1.2-3) 
will not be addressed here, because it requires an analysis of a dataset covering an area 
far beyond that involved in this study. Nevertheless, uplift of the "Transcontinental 
Arch" southeast of the basin and/or the accelerated subsidence of the northwestern part 
of the Elk Point Basin were important in shaping the basin in the study area. These 
forces overprinted the axisymmetric primary style of the subsidence, which was re- 
established during the Kaskaskia 11 Sequence. 
Fundamentally different geometry, with a NNW-SSE elongated inflection ellipse 
during the Zuni I and Zuni II - Tejas intervals, suggests that lateral forces did play an 
important role in the basin's geometric evolution. These forces are the manifestation of 
the Sevier and Laramide orogenies, which were accompanied by widespread NWISE 
and SWNE striking faults and a significant tilt of the basin to a WSW direction. 
In summary, this modeling exercise has revealed that the primary cause of the 
subsidence in the Williston Basin area was axisymmetric loading in the Sauk - 
Absaroka interval (except during Kaskaskia I). This was overprinted by WSW-ENE 
compressional forces during the Zuni - Tejas period. 
7.1.2 Earth-curvature correction of regional profiles 
Janes and Melosh (1990) showed that the continental lithosphere, deformed by 
an axisymmetric load, can be described by the "flat Earth" approach for a region up to a 
1500-2000 km wide, which gives the same structural zonation as the spherical shell 
approximation. Nevertheless, the "flat Earth" assumption gives a false perception of 
large geological structures, like intracratonic basins. These cover considerable areas of 
the Earth's surface so that. in a geometrical sense, its curvature cannot be ignored (Fig. 
3.2). Figs. %I2 and 7. I3 give the general shape of a circular basin's basement'sediment 
contact in two and three dimensions, respectively. 
Earth-curvature-corrected regional cross sections across a cratonic basin reveal 
its true form, which is a crescent shape with the convex side up. This was emphasized 
by Dallmus (1958; 1964) (Section 3.1.6). For example, in a basin with a 1000-km 
diameter [-9" of geocentric arc] (range of the Williston Basin) the chord between the 
opposite ends of the basin at the central part is approximately 20 km below the surface. 
In contrast, the Williston Basin is -5.5 km deep in the central part. For this reason all 
the regional cross sections were depth migrated and corrected for the Earth's curvature. 
These profiles, with obvious vertical and angular exaggeration ('overcorrected"), are 
included in the A#achnrent (1-5) in the back pocket. 
This display of the regional profiles reveals that the sedimenthasement contact 
is actually shorter than the higher horizons and subject to compression during 
subsidence (Fig 3.1.a and 6). The location of contrasting structural areas (i-e.. 
compression in the central part, extension at the flanks) is apparent in these displays. 
Mereu (1967) noted that in upper-mantle seismic refkction surveys, neglecting 
the curvature correction can produce erroneous results for refractors deeper than 10 km. 
He emphasized that the source of the problem is the incompatibility of "flat Earth" 
solutions with spherical ray theory. 
Earth-curvature-corrected regional cross sections, other than those of Dallmus 
(1958), are rare. One of the exceptions is the cross section of Nelson et al. (1964). 
Although it stretches from the British Columbian Pacific margin to the Canadian Shield 
in Manitoba, no structural conclusion was drawn from the intracratonic portion 
representing the basin. 
reference surface LzrETkl 
Fig. 7.12 Two-dimensional geometric deformation of a spherical surface. 
(a) Uplift; (b) Subsidence. 
Fig. 7.13 Development of folding on a spherical surface. 
(a) Slice of a sphere before uplift or subsidence. (b) Uplift. (c)Subsidence. 
It should be emphasized that this study has not only yielded probably the most 
extensive regional seismic coverage of a cratonic basin but also provided most likely the 
first regional seismic section across the sedimentary portion of a cratonic basin 
corrected for the curvature of the Earth. 
7-13  Interpretation of  structures in the Williston Basin 
An important result from the bivariate normal distribution modeling of the basin 
is that the consecutive inflection ellipses during the Sauk - Absaroka interval show a 
concentric pattern. These ellipses, regarded as tectonic hinge lines by Scherer (19741, 
can be perceived as the limit of the (radial) compressional central deformation zone and 
the (concentric) extensional zone at the flanks during axisymmetric deformation. 
Consequently, there are areas which experienced both types of deformations during the 
Sauk - Absaroka interval. 
7.1.3.1 Compressional structures 
The compressional structures (folds, structural noses), which can be observed in 
the central part of the basin, and identified on maps and regional seismic profiles, 
plunge to the center of the basin and exhibit a narrowing shape toward that direction 
(Fig. 7J4.u). This is to be expected in axisymmetric deformation, since the difference 
between the more compressive hoop stress (q,) and the less compressive radial stress 
(our) increases towards the basin center (Figs. 7.5.c, d). In cross section, these features 
are bounded by faults dipping towards the axial plane (Fig. 7J4.b). In 3D, these 
bounding faults form helicoidal surfaces (Fig. 7.14.~). Most of the structures in the 
central part of the basin are compressional. An example showing these features from the 
Dwyer Field area (T32N, R58E-R59E) is shown on Fig. 7.14.d. 
The largest structure in the basin, the Nesson Anticline, is also considered a 
radial compressional structure (Figs. 7 3 ;  6.5~1, b; 6. %a, b). The more central part of 
the Nesson Anticline (on WE III line) is narrower, has higher amplitude and the two 
bounding fault zones in the west and east (West Nesson Fault and East Nesson Fault), 
Fig. 7.14 Radial folds (structural 'noses'). (a) Map view; @) Cross section; 
(c) 3D diagram; (d) Example; Dwyer Field, Montana (Rayne, 1985). 
\ f 
Asymmetric fold 
Fig. 7.15 North-South block diagram along the Nesson Anticline. 
A, and A, : representative fold amplitude; A, and ,A,: representative fold wavelengths. 
which dip toward the hinge line of the anticline, are steeper. This observation reinforces 
the results of the detailed thickness and structural mapping of the Nesson Anticline 
conducted by Famakinwa (29891, who concluded that the stratigraphic throw on the 
bounding faults decreases fiom south to north. He recognized numerous active periods 
on the faults; however, the dip direction on the faults was not clarified and they were 
interpreted as vertical faults. This shows the inherent limit of structural interpretation 
based on well data alone. 
Fault interpretation relies on differences in thickness of a given geological unit 
between two wells, which does not allow determination of the nature of the fault (i.e. 
normal or reverse). Generally, faults so identified are interpreted as normal faults or 
vertical faults to accommodate the changing direction of the movement on the fault. A 
regional seismic profile gives a better understanding of the fault dip direction and can be 
interpreted in a basin-wide context. 
LeFever and Crashell (1991) analyzed the timing of the structural movements of 
some anticlinal features in the southern part of the Williston Basin. By constructing 
subsidence curves fiom borehole data they concluded that the subsidence patterns of the 
folds are similar, except that the amount of calculated subsidence increases somewhat 
toward the basin center and is slightly less for wells on structural highs. This supports 
the present hypothesis that there is greater deformation on radial folds closer to the basin 
center (Fig. 7.13.~). The highest amplitude of the Nesson Anticline. therefore, is the 
consequence of its central position in the basin. 
Radial arrangement of the folds and structural noses can also be identitied in 
other segments of the basin. Fig. 7. I 6  displays two different interpretations of the same 
map (Fig. 2.17). The map shows the structure of the Shenvood subinterval of the 
Mississippian Mission Canyon Formation (in the Kaskaskia II sequence). The limit 
between the white area in the northwestern (central) part and the grey area in the 
southern, southeastern and eastern parts (flanks) separates the regions with anhydrite 

content below and above 20 percent. This zigzag line indicates average shoreline 
position (McClellan. 1995). The zigzag pattern of this shoreline is widely attributed to 
the expression of the assumed Precambrian blocks limited by a NW-SE/SW-NE set of 
faults (McClellan, 1995). 
The lineament interpretation is shown in Fig. ZI6.a. There is no proven direct 
structural control in these directions on the lithologic boundary (based on anhydrite 
content). Although the eastern part of the map shows the assumed fault pattern. it 
deviates more and more from it as the shoreline continues to the southern areas. 
If, instead of the assumed fault pattern, the real structural directions ( e g ,  axial 
traces of folds and structural noses) are follvwed, a general radial pattern can be 
observed which originates from the central part of the basin (Fig. 7.16.b). A zigzag 
pattern of the lithologic boundary can be easily envisaged, which actually follows the 
pattern of these radially arranged features in a better way. 
Seismic evidence from the regional lines crossing this area underlines the 
directions and compressive nature of these structures (Figs. 6.8.a, b and 6.16.n, 6). 
Funher to the east, McCaslin (1982) concluded that the structural noses generally point 
toward the center of the basin. 
7.1.3.2 Extensional structures 
Extensional structures (normal faults) occur mostly in the flanks of the basin, 
and have been identified both on thickness and structural maps as well as regional 
seismic profiles. The strikes of these faults delineate the circumference of the basin 
with a dominant dip toward the basin's center (Figs. ZI2.b and 7.I3.c). These 
structures are consistent with axisymrnetric deformation, wherein the magnitude of the 
extensive hoop stress (04) is less than its radial counterpart (ao) (Figs. 7.5.c, d). The 
extensional structures in the flanks are significantly smaller than the compressive ones 
in the central part since the differential stresses decrease away from the center. These 
structures can be recognized on the map by their step-like pattern (Fig. 7.1 7.a). Their 
cross-sectional and 3D view are shown in Figs. 7.7 Zb and c, respectively. An example 
from scuthwestern Saskatchewan is displayed on Fig. 7.1 7.d. 
Since most of the regional seismic profiles cross the central part of the basin, it 
is primarily the compressive siructures which are revealed on them. Nevertheless, in 
parts of the sections the extensional features are apparent. Normal faults can be seen in 
the easternmost part of the WE II line (Figs. 6.5.a, 6), and also at the northern and 
southern extremes of NS I and CA I lines (Figs. 6.10.a, b; 6.II.a, b; 6.23.a, b). At the 
northern end of the NS I and CA I, where they run close to each other, the same normal 
fault can be identified on both sections, underlining its circumferential (E-W) strike 
(Figs. 6. M a ,  b; 6.13.a, b). 
7.1.3.3 Zuni rotation of the structures in the basin 
It was shown previously that during the Zuni - Tejas interval, significant lateral 
forces effected a fimdarnental change in the shape of the Williston Basin. The original 
circular geometry in map view was deformed into an ellipse (Fig. 7.21). This dramatic 
change is the consequence of the Sevier and Lararnide orogenies in the plate margin to 
the west (Figs. 2.4.b-d). The NNW-SSE elongation of the Zuni - Tejas inflection 
ellipses suggests a primarily WSW-ENE-directed compressional regime, which led to 
the present shape of the basin. Evidently, changes in the orientations of the previous 
radial and circumferential arranged structures are to be expected (Fig. 7.18). 
The limit of the compressional and extensional deformations in the basin, as 
illustrated by Fig. 7.18, represents a mean value, since the locations of the inflection 
ellipses vary with each sequence (Fig. %11). Nevertheless, the present WNW-ESE to 
NE-SW orientation of basin structures is attributed to this late deformation of the earlier 
radial and circular structures. Depending on their position in the basin, these stmctures 
were rotated in different directions (Fig. %19). The displacement took place along the 
pre-existing faults in a strike-slip sense. Dragging of the radial folds in the center of the 
10 krn 
Fig. 7.17 Circular extensional structures. (a) Map view; (b) Cross section; 
(c) 3D diagram; (d) Example; SW Saskatchewan (Cristopher, 1987). 


basin resulted in asymmetry in their final shape. Again, depending on their original 
location in the basin, the asymmetry varies (Fig. 7.20). 
The Nesson Anticline is located in the northeastern segment (Quadrant I) where 
the radial folds were rotated counterclockwise, resulting in a steeper western side (Figs 
6.5.a, b; 6. %a, B; 7.15). Probably this is the reason that the East Nesson Fault, identified 
by Famakinwa (29891, is not as apparent as the West Nesson Fault. In Quadrant II (e-g., 
Little Knife area) (Fig. 7.20), the radial folds were rotated clockwise again causing 
steeper western sides, whereas in the Knutson-Fryburg area (Quadrant m) the folds 
were rotated counterclockwise causing the steeper flanks to occur on the east. A similar 
steeper eastern side in Quadrant IV (e.g., Poplar Dome) is the result of clockwise 
rotation of the folds there. 
One result of these rotations is that the observed asymmetric profile of the folds 
on the regional seismic profiles is due not only to their apparent dip in the plane of the 
sections, but also to their real asymmetry caused by the Zuni - Tejas deformation (Figs. 
6.S.a, b; 6. %a, b; 7.15 for the Nesson Anticline and Figs 6.7.0, b for the Poplar 
Dome). 
7.1.4 Relationship of natural earthquakes and river directions to the major 
tectonic trends in the Williston Basin area 
It is widely accepted that earthquakes usually occur along weak structural zones; 
thus their locations delineate these zones. Consequently, it is important to incorporate 
any available earthquake information when trying to establish the structural Framework 
of an area. The historic earthquakes of the Montana, North Dakota and Saskatchewan 
regions of the study area are shown in Fig. %21 and listed in Table 7.1. 
It is evident from Fig. %21 that the earthquake locations are sparse in the 
Williston Basin area but increase toward the mobile belt in the west. Nevertheless, some 
important conclusions can be drawn from the earthquake data. 


Table 7.1 Historic natural earthquake locations in Montana (map area only), 
Ihre 
187ShPR 15 
1909 MAY 16 
1915 .U.sROI 
1915 .HARM 
1928 MAR02 
1932 JA?; 10 
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1935 OCT I6 
1935 OCTY 
1935 OCT 31 
1935 OCT 31 
1935 OCT 31 
1935 OCT 31 
1935 OCT 31 
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North Dakota and Saskatchewan. 
V 
v 
nr 
Not on the mtp 
Sor on the mrp 
Sot on rhr mrtp 
Sot on rhc map 
Sot on rhc mtp 
Sot on rhc map 
At the western end of WE II, three major NE-SW trending dextral strike-slip 
fault zones are delineated by earthquakes. The westemmost, the Pendroy Fault, which 
can be seen on the regional seismic profile (Figs. 6 .2 .~ .  b), is the location of 
earthquakes 3, 12 and 40. To the east, the Scapegoat43annatyne Trend (Figs. 6.2-a. b) 
marks the source location of earthquakes 4, 16, 25, 30 and 44. The major Great Falls 
Tectonic Zone, which involves the Bearpaw Mountains (Figs. 6-3.a. b), can be traced 
over the largest distance by the epicenters of earthquakes numbered 8, 9, 10, 14, 15, 17 
and 50. 
In the Williston Basin area it is more difficult to correlate the sparsely located 
earthquakes to the fault zones identified in an independent manner. Brown and Reilinger 
( I  986) indicated that the stable interior areas pose special problems since it is extremely 
difficult to associate intraplate earthquakes, even large ones, with specific faults. 
Nevertheless, due to the proximity of some known faults to earthquake locations in the 
Williston Basin area, some assumptions can be made. Earthquake 2 1 is located close to 
the Bowdoin Dome, which was active throughout the Phanerozoic (Section 2-21.1). 
The Poplar Dome is in close proximity to earthquakes 1 3 and 1 9, while earthquake 1 8 is 
on the line separating the "Transition Zone" from the "Williston Basin Element" in the 
Fort Peck Indian Reservation (Section 2.2.1.2). 
In southern Saskatchewan earthquakes line up roughly along three NN W-SSE 
zones. The eastern two lines roughly delineate the Hummingbird Trough. Some of these 
earthquakes are located in areas where the Prairie Evaporite is present. Earthquakes in 
areas where the Prairie Evaporite is present can be attributed to a salt 
dissolution/collapse mechanism. Due to limitations of the recording instrumentation, the 
computed position of an epicenter can be as much as 20 krn off from its true position. It 
is, therefore, difficult to establish the involvement of the Prairie salts in these 
earthquakes. Nevertheless, whether salt collapse was involved or not, the hndamental 
causes of the earthquakes here are most probably related to basement structures (D. 
Gend-will, personal communicarion). Other earthquakes south of the Hummingbird 
Trough are probably fault related, too, and appear along major rivers: earthquakes I and 
22 along the Yellowstone River, 45 and 47 along the Little Muddy River. and 49 along 
the Missouri River. 
Numerous claims have been made that river streams in the Williston Basin area 
delineate a NE-S W/NW-SE pattem which could corroborate these structural directions. 
Detailed analysis of tributaries showed that this concept is undoubtedly true for younger 
(Zuni) structural directions (Slnufer and Gendmill, 1987). Presumably the major rivers 
delineate the older, larger stucturzl directions. A short look at the river patterns. at least 
in the central part of the basin, reveals radial structural pattem dong the major rivers 
(Fig. 7.22). The Missouri River in northeastern Montana runs E-W, while in west- 
central North Dakota it runs WW-ESE. The Yellowstone River in eastern Montana 
delineates a NE-SW zone, while the Little Missouri River in western North Dakota 
shows a roughly N-S orientation. Two shorter riven in northwest Nonh Dakota, the 
Little Muddy River and the Little Knife River run N-S and NNE-SSW, respectively. 
The radial pattern in the central region of the basin, originates From an area in northwest 
North Dakota. This area is located above the deepest part of the basin. and emphasizes 
the radial structural framework of the basin. 
7.1.5 Summary of the structural evolution of the Williston Basin 
The structural evolution model of the Williston Basin presented here is based 
upon an extensive set of sources; namely, geological data, terrestrial and planetary 
analogs. mathematical and experimental models and, most importantly, the recent 1 y 
compiled regional seismic lines. Based on the syntheses of these data sets, the tectonic 
history of the Williston Basin area can be subdivided into three main periods, during 
which the present overall shape of the basin and its internal structure developed: 
I .  "Pre- UGIIiston "phase 
2. Sauk-Absaroka intrucratonic phase (except Kaskaskia I) 
South Dakota ? 
Fig. 7.22 Rivers and radial structural trends in the Williston Basin area. 
3.ZunZ-Teja foreland phase 
The first, "pre-Willston"phase, obviously cannot be deduced directly from the 
sedimentary record. Nevertheless, some important observations lead to the following 
conclusion. The Williston Basin is not underlain by a rift, but by the Archean Dakota 
Block, which suggests different tectonic behavior than the surrounding areas. The 
Williston Basin area was thermally uplifted, probably in the early Cambrian, and was 
then subjected to 3 km of pre-subsidence erosion ( C r o d q  et al.. 1985). The uplift was 
probably caused by a mantle intrusion. Erosion was accompanied by cooling and/or 
phase change of the mantle material which caused overall subsidence. The geometry of 
the mantle intrusion was axisymmetric and resulted in radially arranged extensional 
fractures and faults of the crust in the central part of the basin, and circumferentially 
arranged compressive structures at the flanks (Figs. %5.a, b). This arrangement is 
responsible for the widely recognized oval shape of the basin. Furthermore these 
structural trends were rejuvenated throughout the Phanerozoic history of the basin. 
It is interesting to note that the evolution of the Bearpaw Mountains described by 
Reeves (1946; 1953), although on a smaller scale, is basically similar to the first phase 
(i.e.. magmatic intrusion causing an axisymmetric uplift, accompanied by radially 
arranged extensional faulting in the central part and circurnferentially arranged reverse 
faults due to plainsward sliding on the flanks [Figs. 2.8.a, b/). 
The first Paleozoic sedimentary records of the basin were deposited in the 
beginning of the second, Sauk-Absaroka intracratonicphase. The 'pre-existing" radial 
and circumferential structural trends, set by the earlier pre-subsidence uplift, were 
reactivated and inverted (Figs. 7. S.c, d). Radially arranged compressional structures 
dominated the central part, and circumferential extensional structures occupied the 
flanks. The earliest Deadwood Sea transgressed from the west, covering a rough terrain 
spotted by "islands" (Lochman-Balk and WiZson. 1967), which are the structural 
remnants of the earlier phase. The subsidence continued in an axisymmetric manner and 
recurrent active phases were detected in the basin. The generalized subsidence curve of 
the Williston Basin can be subdivided into shorter exponentially decreasing periods 
(Fig. %23). The inherent limit of subsidence curves is that the curves are generated from 
information of the sedimentary record available. Only 10-25% of the geological history 
is represented by rocks in the Williston Basin area (Fig. 2.2) and the remaining intervals 
are interpolated. These periods are assumed to be the more active tectonic intervals and 
can represent additional subsidence/sedimentation and uplifVerosion. E.g., during the 
Cretaceous kilometers of sediments were eroded from the area. The active phases are 
not coincident with the orogenic events elsewhere in North America (LeFever. 1988; 
LeFever and Crashell. 1987) and cannot be correlated with similar phases in other 
North American cratonic basins. Consequently this type of periodicity, ranging fiom 30- 
50 M.a., seems to be part of the very nature of subsidence in a cratonic basin. During 
this period, the Kaskaskia I Sequence exhibited a fundamentally different configuration. 
due to large-scale structural activity on the Transcontinental Arch southwest of the basin 
and/or due to the increased subsidence of the northwest part of the Elk Point Basin. The 
axisymmetric nature of the basin's subsidence was overprinted by this tectonic event. 
The cause of this cratonwide tectonic event requires a larger synthesis and no 
explanation can confidently be given based on this dataset. Nevertheless, the 
axisyrnmetric character of the basin was re-established in the Kaskaskia U Sequence and 
continued into the Absaroka Sequence. 
The third, ZunCTejas foreland phase indicates a hndamental change in the 
tectonic character of the Williston Basin; however, its unique character is still 
recognizable. The increasing structural activity of the Sevier and Laramide orogenies to 
the west was accompanied by a dominant compressive force in a WSW-ENE direction 
across the basin. These events caused an NNW-SSE elongation of the circular basin, 
which then became increasingly elliptical. The deformations were accompanied by the 
rotation and dragging of the pre-existing structures and caused their asymmetry. Wide 
NW-SENE-SW sets of fracturing related to this phase are prevalent and well 
documented (Stuuffer and GendnuiZf, 1987; Narr and B u m s .  1984). The meticulous 
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Fig. 7.23 Secondary cycles on the generalized tectonic subsidence curve of the 
Williston Basin (modified from Haid, 199 1 ). 
study of Schurr et ai. (1989a), on a larger scale, also concluded a radial arrangement of 
the Zuni structures (Fig. 7.24); however no tectonic explanation was given. 
7.1.6 Applicability of the model for other cratonic basins 
Detailed review in Chapter 3 revealed that circular shape is more a rule than an 
exception in cratonic basins. 
Basins with proven coeval compressional and extensional stress regimes in their 
central part and their flanks. respectively, are prime candidates for further studies (e.g.. 
Michigan Basin, Paris Basin, West Siberian Basin). Also cratonic basins with triple 
junctions beneath them can be the location of radially arranged structures (e-g., Paris 
Basin, Illinois Basin). Evidently more advanced lateral forces can make the originally 
radial and circurnferentially arranged structures unrecognizable (e.g., Amadrus Basin, 
Sichuan Basin). 
Still, probably the closest "cousin" of the Williston Basin is the Michigan Basin. 
Brown and Reilinger (1986) noted that features such as the Michigan Basin and the 
similarly circular but positive structure, the Adirondack Dome, constitute 
incontrovertible evidence that cratons were subjected to major vertical motions in the 
past that lack clear connections to the plate-tectonic scenarios of those times. This is 
particularly true not only for the Michigan Basin, but also for the Williston Basin, as 
was shown earlier. Beyond the generally circular shape, the radial intrabasinal 
structures, with downward tightening character and bounding faults dipping toward the 
axial traces of the folds accompanied by reverse faulting in the central part of the basin, 
is well documented (Section 3.2.1.2). Similarly, compression in the central part, 
extension in the flanks and late-stage shear movements due to lateral forces 
(Appalachian Orogeny) along the pre-existing radial faults were detected. 
The Michigan Basin and the Williston Basin are the most explored cratonic 
basins in the world. They show remarkable similarities in their evolution, which to a 
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Fig. 7.24 Zuni marginal paleotectonic elements surrounding the center of the 
Williston Basin (modified from Shurr et al., 1989a). 
certain degree we could expect to find in other cratonic basins, if enough data were 
available. As noted earlier, not all cratonic basins share a similar history; however, most 
of them exhibit a circular or oval shape. One probable scenario is that most of them are 
caused by some type of mantle upwelling. The final basement character and evolution 
probably depend on how advanced the mantle intrusion was (i.e.. from what phase the 
subsidence starts). 
The Williston Basin can be seen to represent the type of cratonic basin. where 
the mantle material intruded, uplifted and fractured the upper crust; but the uplift did not 
continue, and the erosion and subsidence started from this stage (pre-Williston phase - 
intracratonic basin phase). 
Other cratonic basins. which are underlain by clear triple rift junctions (e-g., 
Paris Basin, Illinois Basin) could represent a more advanced stage of magmatic 
intrusion. This approach is more or less the same as that suggested by Burke and Dewey 
(1 9 73) as a model for plume-generated triple junctions. 
An even further stage could be represented by cratonic basins which are located 
above ancient rifts. This hypothesis requires further studies with datasets similar to that 
available for the Williston Basin. 
7.2 Zuni sequence stratigraphy of the Williston Basin area 
Deposits of the Zuni - Tejas interval occupy by far the largest segment of the 
Phanerozoic sedimentary record of the Williston Basin area. The structural framework 
of the sedimentation is fairly well established. The Zuni sedimentation took place in a 
foreland environment, as opposed to an intracratonic platform as was the case in the 
Sauk-Absaroka interval; however, the Williston Basin still exhibited a certain degree of 
distinctness (previous section). The lithology of this interval is dominated by clastic 
sediments which were derived from sediment sources primarily to the west. In Zuni- 
Tejas times, the area was part of the roughly north-south trending Western Interior 
Seaway. Together with the tectonic activity of the emerging Sevier and Laramide 
orogenies, the eustatic sea-level changes and the quantity of the sediments define 
primarily the sediment accommodation potential of the area. Consequently, sequence 
stratigraphic analysis reveals the composite of these factors. 
7.2.1 Seismic stratigraphy of the regional profiles 
Large-scale sequences can be identified with greater confidence by applying 
regional seismic profiles. The five regional profiles of this thesis supply a unique and 
novel dataset for a foreland basin of this scale. Due to the tectonic processes and the 
extended thickness of the Zuni - Tejas interval in the area, the interpretation is easier in 
profiles with datum correction. The most convenient datum is the Greenhorn Shale 
(Second White Speckled Shale in Canada) due to its presence all over the area and its 
excellent seismic characteristics. The datum-corrected sections are displayed in Figs. 
A.1-6 in the Appendix. The same profiles are shown in two fence diagrams to enhance 
the three dimensionality of the Zuni-Tejas depositional system (Figs 7.25 and 7.26). 
The standard seismic stratigraphic interpretation procedure, discussed in Section 5.2, 
was used by identifying seismic reflection terminations. seismic surfaces, seismic 
packageshnits, etc. Although the regional reflection profiles are considered to be a 
sufficient base for large-scale interpretation, some limitations should be observed. The 
first is that the decreasing number of seismic traces containing information from the 
upper part leads to increasing uncertainties upsection, due to lower-quality stacking. The 
second limitation is the scarcity of well-log information. This is not necessarily due to 
the number of wells used (49), but to the general insuff~ciency of logging of the 
Cretaceous sediments in the whole area. It is reiterated that the large-scale interpretation 
is reliable, although in smaller scale, well-log based sequence stratigraphic analysis 
should be incorporated. 


7.2.2 Sequence stratigraphic framework of the Zuni sediments 
Sequence stratigraphic interpretations of the regional lines. without the seismic 
profiles, are shown in Figs. 7-27 and Z28. In the light of the four additional profiles, 
Zhu's (1992) profile (WE I) was reinterpreted. Reflection terminations delineate 
unconformity surfaces, which in turn bound sedimentary packages/units. Altogether. 
sixteen sequence stratigraphic units were identified. In the east-west profiles (Fig. 7.27) 
the lower units are fairly thin with uniform thickness, while in the upper parts the units 
exhibit wedge shapes, with thinning toward the east. Units are increasingly thicker 
upsection. This general configuration shows well the general shallowing and final fill- 
up of the Western Interior Seaway. In the north-south direction the units show a similar 
pattern; however, the wedge shape of the upper units is not observable because the 
sediment source is at a high angle to the plane of the profiles. 
7.2.2.1 Sequential subdivision of the Zuni Sequence in the study area 
Zhu (1992) subdivided the Zuni part of the WE I profile into Zuni I (Jurassic), 
Mamville, Lower Colorado, Upper Colorado and Montana sequences. Within the 
Montana sequence seven subsequences were identified (A-G). Naming stratigraphic 
sequences with accepted lithostratigraphic unit names used in the area is unfortunate, 
since it can lead to misunderstandings. It is necessary therefore to find other 
nomenclature which explicitly refers to stratigraphic sequences. Stratigraphic sequences 
and transgressive-regressive cycles are both indicators of cyclic changes of the 
accommodation potential of a given area and of sea-level changes, although they are not 
synonymous. Nine transgressive-regressive cycles were identified in the late Zuni times 
by Kauffhan and Caldwell (1993) and all of them are defined again with 
lithostratigraphic names: 
Cycle Approximate age (M.a.1: 
IX Fox Hill cycle 
VIE Bearpaw cycle 


Claggett cycle 
Niobrara cycle 
Greenhorn cycle 
Skull Creek cycle 
Clearwater 
Mount Goodenough cycle 
Betty Peaks cycle 
This nomenclature is also to be avoided for sequence stratigraphic subdivision 
for the aforementioned reason. Sequence stratigraphic subdivision of Haq et al. (19886) 
cannot be used either, because they indicate only the assumed 'eustatic' sea level 
changes. The interpreted subsequences overlap in some places with the sequences of 
Haq et al. (1988b), which shows that the sequential development (sediment 
accommodation potential) in the Western Interior Seaway is dependent not only on 
eustatic sea-level variations, but tectonic and sediment supply, as well. Based on the 
concept of sequence stratigraphy, therefore, sixteen Zuni Williston Basin Subsequences 
(ZW) can be identified in the regional seismic sections (Fig. 7.29). Kaufhan and 
Caldwell (1993) noted that in the Western Interior Seaway lowstand and transgressive 
system tracts show restricted development or commonly are absent altogether, whereas 
highstand system tracts dominate the sequences. A more refined subdivision, identifying 
system tracts, would require a denser seismic grid and more well-log information. 
7.2.2.2 Progradational pattern of the ZWl2 subsequence 
Due to the limited thickness of the individual sequence-stratigraphic units, 
detailed interpretation of the internal structure can be made only for a few units. The 
best example is the lowstand part of the ZW12 subsequence. It is not surprising that Zhu 
(1992) was bale to subdivide this part into several subsequences (-A-E subsequences of 
his Montana sequence). Three-dimensional investigation allowed by the extra regional 
profiles of the present study leads to the recognition that the lower part of Zhu's (1992) 
Montana sequence (-A-E) is part of a progradational sequence. The finer subdivisions 

of by Zhu (1992) are actually the higher- (fourth-?) order sequences representing phases 
of progradation. Although higher-order sequences of this lowstand can be identified on 
the other regional seismic sections, the regional profiles are not reliable for correlation 
of fourth- and higher-order sequences. For this, a denser seismic grid is required. The 
ZWl2 subsequence refers to the regressive phase of the Niobrara cycle (Fig- Z29). 
Lithologically, the Eagle Sandstone and its equivalents occupy most of this interval. 
Within the Eagle Sandstone, Hanson and Little (1987) identified seven fourth-order 
progradat ional sequences around Billings, MT. Gill and Cobban (1 9 73) and Rice (1 980) 
defined the strandlines and the seaward limits of the Eagle coastal and shelf sandstones 
of the regressive phase of the Niobrara Sea (Fig. %30). The numbers in Fig. %30 
indicate an eastward moving shoreline position. The shorelines exhibit a wavy character 
with "bays" and "peninsulas". The eastern limits of the Eagle coastal and shelf 
sandstones generally follow this shoreline pattern. Consecutive downlap surfaces of the 
eastward thinning ZW 12 subsequence delineate a similar wavy panem which also 
mimics the shoreline -500 km from it! Especially the downlap termination of the oldest 
traceable reflection, labeled a, is clearly recognizable on the regional sections. The 
north-south sections, primarily NS I, unmistakeably exhibit two western sediment 
sources (Fig. 7-30). Of the two, the northern source (northem arrow in Fig. 7.30) is 
probably the deltas located southeast of the Bearpaw Mountains. which spread their 
clastic sediments toward the ENE, expressed by the "peninsula" extended in that 
direction. The southern source (southern arrow in Fig. 7.30) is located around south- 
central Montana and north-central Wyoming. Sediments From this source area reached 
the Williston Basin area in southwestern North Dakota and northwestern South Dakota 
(Fig. Z30). Further to the east the successive downlap limits (b, c, d) still show the two 
sediment sources, however with decreasing resolution. Although a similar correlation in 
other progradational units of the sediment sources and the depositional structures in the 
central part of the study area was expected, no clear indication allowed a comparable 
interpretation. 

CHAPTER 8 
SUMMARY AND SUGGESTED DIRECTIONS FOR FUTURE RESEARCH 
8.1 Summary 
The Williston Basin is one of the most researched cratonic basins of the world. 
Despite the vast amount of data from the basin, the current basin-evolution models still 
can not describe satisfactorily the primary cause of the subsidence and the deformation 
of the basin throughout its history. This investigation essentially addresses the second 
aspect, although the possibilities of the basin's origin are narrowed down by the 
additional insights provided by the results. 
Some of the previous models for the internal deformation of the basin are 
considered here to be inadequate, some of them partly applicable and others, often the 
most popular ones, are highly speculative and found to be occasionally unsubstantiated 
by real data. 
In this thesis, a different approach was chosen. Instead of a model-based basin- 
evolution theory, compilation of an extensive dataset supplied the factual background 
for the evolution model of the Williston Basin presented here. 
The primary source of the interpretation is the -3090 krn of seismic information 
incorporating the 790-km section of Zhu's (1992) study. The total data length includes 
the gaps of the profiles as described previously. The new dataset represents four more 
regional seismic profiles, resulting in probably the best and most extensive regional 
seismic coverage of the a cratonic basin. 
All the new seismic data were reprocessed fiom field tapes. A standard seismic 
processing scheme was applied, with special consideration of the requirements of 
regional profiling. An additional step, the "Earth-curvature" correction, was executed 
for display reasons, to enhance general character the of the Williston Basin. 
Synthetic seismograms were generated, fiom wells along the seismic lines, to aid 
in the identification and interpretation of the seismic reflections. 
The rigorous seismic interpretation was based on the principles of seismic 
stratigraphy. A sequence stratigrapic framework of the Phanerozoic strata was supplied, 
which is the basis of analysis of the Williston Basin. 
The new and extensive seismic interpretation, combined with well information 
and existing thickness and structural maps supplied a solid base for the new 
tectonostratigraphic model of the Williston Basin. 
The evolution of the Williston Basin area can be subdivided into three major 
periods, representing different structural characters. 
The first, "pre-Williston" phase, took part before the beginning of the basin 
subsidence, around the early-middle Cambrian. Indirect information from later 
structural directions and subsidence studies suggests that the area of the Williston Basin, 
underlain by an Archean cratonic block, was axisymrnetrically uplifted probably by a 
mantle intrusion, and eroded prior to the subsidence. The axisymmetric uplift was 
accompanied by radially arranged extensional faults and fractures in the basement below 
the subsequent location of the basin and presumabiy circumferentially arranged 
compressional faults at its flanks. 
The second phase is the intracratonic phase, which is represented in the 
Williston Basin by the interval ranging from the Sauk Sequence to the Absaroka 
Sequence. The subsidence was presumably caused and maintained by cooling and/or 
phase change of the mantle material. This mantle source was located beneath the central 
part of the basin and the subsidence resulted in recurrent reactivation of the pre-existing, 
axisymmetric radial and circumferential faults in a way that was the opposite to how 
they acted in the first phase. The radial faults in the central pan became compressional, 
while the circumferential faults became extensional. Distribution of the sequences in 
this phase shows that, without significant lateral forces, the axisymmetric deformation 
dominated the basin's tectonics. This underlines other observations; namely that the 
structural activities in the basin do not coincide and, therefore, are not related to tectonic 
processes on the plate margins. The recurrent active periods are considered here the very 
consequence of cratonic basin subsidence. The oval shape of the basin, and probably of 
other cratonic basins, is the result of axisymmetric subsidence. A notable exception in 
the second phase is the tectonic framework of the Kaskaskia I Sequence (Devonian), 
when the area was tilted to the northwest and the axisyrnrnetric deformation was 
overprinted by this effect. The axisymmetric framework of the basin's subsidence was 
reestablished in the Kaskaskia I1 and continued into the Absaroka. 
During the third, foreland phase, in the Zuni - Tejas interval, the Williston 
Basin became part of the Western Canada Sedimentary Basin. ENE-WSW-oriented 
compressional forces, related to the Sevier and Laramide orogenies, resulted in a NNW- 
SSE elliptical elongation of the basin. Prevalent NE-SW/SE-NW-oriented faulting and 
fracturing with rotation and dragging of the earlier radial and circumferential structural 
features accompanied these forces. The earlier dominantly axisymrnetric deformation in 
the basin was overprinted by this lateral compression; although, as the distribution of 
the sequences shows, the Williston Basin can still be considered as a separate structural 
entity. 
Seismidsequence stratigraphic analysis confirmed that major sequence 
boundaries generally coincide with lithostratigraphic boundaries during the Sauk- 
Absaroka interval. 
In the Zuni-Tejas interval, where the clastic sedimentation was dominant, these 
boundaries are not identical. Some 16 sequence stratigraphic units were identified, 
reflecting cycles of sediment accommodation potential (composite of tectonics, eustatic 
sea-level changes, sediment influx, etc.) of the area. Out of the 16 sequence stratigraphic 
units, only one, that containing the Eagle Sandstone and its equivalents, allowed a finer 
analysis. The basin-scale three-dimensionality of the seismic profiles revealed two 
distinct western sources of sediments. In the central pan of the Williston Basin, more 
than 500 km from the shorelines, sediment structures from deltas, located in central 
Montana in the north and north-central Wyoming in the south, are still recognizable. 
8.2 Suggested directions for future research 
As noted in the Introduction, the dataset has far more information that can fit 
into one thesis and this type of study can never be finished. This thesis, based on the 
new seismic dataset, challenges some earlier interpretations of the basin's evolution. 
The suggested direction for h i r e  research points out the important areas where 
additional data could prove or supersede the model presented in this thesis. 
The latest crustal seismic data of the Trans-Hudsonian system, as noted in the 
thesis, show a northern, Archean "Sask Craton" and a southern, Archean "Dakota 
Block". The latter is located beneath the Williston Basin. The undefined boundary 
between the two blocks and the bend in the Central Plains Conductive Anomaly suggest 
some kind of structural zone. Additional crustal seismic profiling is needed to reveal the 
exact nature of this boundary. This is a complex part of the Trans-Hudson Orogen and is 
not imaged by the recent crustal seismic data in satisfactory detail. 
A related issue is the clarification of the southern extent of the Tabbernor Fault. 
Recent interpretations, mainly based on air and satellite images, suggesting its 
continuation south of the assumed line, is questioned here. This problem could be 
addressed with a subregional study in southeast Saskatchewan and southwest Manitoba 
- which is actually underway due to the cooperation of the Geological Survey of Canada 
(Calgary) and the University of Saskatchewan. A denser seismic grid of this area could 
test the ideas of the thesis in this structurally complicated area, which was affected by 
both the radial and circumferential structural features throughout the history of the 
basin. A subregional seismic grid, coupled with extended well information from the 
Jurassic-Cretaceous interval could help to fine-tune the recently identified Zuni-Tejas 
seismic/sequence stratigraphic boundaries and identify higher-order (fourth-fifth) 
stratigraphic sequences. This could lead to a better Zuni-Tejas subdivision of that part 
of the Williston Basin tied to the Sevier-Laramide structural activity. 
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PA 
rn 
.urn 
MBO 
YBK 
YM 
MMC 
MMY 
M a  
kIDT 
mm 
rrrr 
DP 
DSJ 
05B 
DSD 
DM 
DMS 
D.UD 
DE 
DEP 
DEW 
DL4 
SI 
OB 
o m  
OBS 
OBR 
OW 
COD 
PC 
TD 
Table A. 1 Stratigraphic picks (continued) 
Wdl 38 
KDD 
KDK 
KDS 
JM 
JE 
IES 
JER 
SEP 
TI'S 
PblO 
PA 
m 
MBH 
MBO 
.WBK 
.u.v 
M.MC 
M.UM 
Sl.HL 
Slm 
mm 
MT 
DP 
DSJ 
ma 
DS D 
DM 
DMS 
D.U D 
DE 
DEP 
D m  
DEA 
SI 
03 
OBST 
OBS 
OBR 
OW 
COD 
PC 
TD 
Table A. 1 Stratigraphic picks (continued) 
.4mnfm-.U1mrd-Bnwm Cr. Gr. 
WWNA u 
MIuUpptn-Devonbn 
Kibbcy ~S.nCnoo~.Limaronel 
.Uaduon Group 
(Irrrls'Castk Reef D. Sun R 
Dcvoobn 
Three ForhiTorquay.Ly aon 
Podauk 
KDD 
KDK 
KDS 
JM 
JE 
JES 
JER 
IEF' 
TPS 
PMO 
PA 
M3 
MBH 
MBO 
WBK 
MM 
MMC 
MMM 
MML 
m 
rn 
DTT 
DP 
DS J 
DSB 
DSD 
DM 
DMS 
DYD 
DE 
DEP 
DEW 
D m  
SI 
OB 
O M  
035 
OBR 
OW 
COD 
PC 
TD 
Stratigraphic picks (continued) 
K D D  
KDK 
KDS 
IM 
E 
IES 
IER 
IEP 
TPS 
PMO 
PA 
StB 
MBH 
S I B 0  
MBK 
WU 
MMC 
M.U h-4 
M-La 
m 
m'18 
m 
DP 
DSJ 
DSB 
DSD 
DM 
DS1S 
D M D  
DE 
DEP 
DEW 
DM 
St 
08 
O W  
OBS 
OBR 
O W  
COD 
PC 
TD 
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Teetonostratigraphic Evolution of the Williston Basin 
In the Williston Basin five regional seismic profiles. covering -3090 km were utilized 
for a comprehensive study of this complex gtdogic fcanrrc- 2300 km field data were 
added to the existing 790 lan profile. The novel seismic informarion in conjunction with 
a sizeable number of wireline bra and incorporation of stuctkal and isopach maps 
provided a unique data tllvironment for development of a new ehborate 
tectonosnadgraphic model of this major continend depression. 
Standard reflection seismic processing procedures were impiernented with special 
emphasis on regiod pasptctiva, including "Earth curvature correction", to geftuate 
images of the basin fill. The latter helped to reveal the true n a m  of this Iarge scde 
cratonic basin. This novd information permitted new approaches in establishing the 
deformation styles in the Williston Basin 
Structural smdies of the newly reprocessed regional seismic profiles rcvedd the 
compressional nature of the radially ananged tectonic elements in the center of the 
basin. and rhe extensional character of the wpherd regions. The results suggest that 
axisymmetric deformation controlled the early stages of the Williston Basin area, and 
was the c a d  factor of the oval shape of the basin. 
In the fim, '>re-Williston" phase. the region was uplifted by an axisymmetric 
Iithospheric intrusion cmung radial extensional signatures in the central zone and 
compressioml structures in the surroundings. Erosion and thermal cooling and/or phase 
change of the mantle material led to the initiation of the basin subsidence. 
Consequently, in the "intracntonic phase" (Sauk - Absruoka), the pre-existing radial 
and circumferentially arranged structures were periodically rmctivatcd in the opposite 
sense. The aaive periods were unrelated to global omgenic events of the continent. The 
exception is the Kaskaskia I (Devonian) interval, when the territory was tilted to the 
northwest and the axisymmetric cause of the subsidence was overprinted. 
The subsequent 'Yoreland pbase" (Zuni - Tejas), was dominated by l a t d  forces of the 
Scvin and Laramide orogcnics. This plate-inargin-related mjor tectonic development 
was associated with the NNW-SSE elliptical elongation of the basin and the related 
highly prevalent NE-SWINW-SE faulting and firacnrring. Additional wnsequtnces of 
this process wcn offsetting and rotation of tbe w a g  radial and circumfemtial 
structural fcaturcs. These radial and circumftfwtial stnrcnaal fafur# of the Williston 
Basin may be rtcoPni;rable in comparable cratonic environments (eg, Michigan Basin, 
Paris Basin). 
Comprehensive seismiclscquence straugraphiy was developed thmughout the basin. In 
h e  Sauk - Absaroka i n t d  the sequence smagraphic and the iirhosvacigraphic 
boundaries are gcnedly identicd. In the Zuni - Tejas interval. when h e  clasric 
sedimentation was dominant. the two subdivisions arc not idenrid. In these younger 
strata I6 sequence stratigraphic units were identified More detailed subdivision of Ihe 
interval containing the Eagle Sandstone revdad that two major sources of the 
tcrrigenous sediments are directly recognizable on the seismic profiles. k y o d  500 km 
east of the shorelines. 
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